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Chapter 1
ILD: Executive Summary

The International Large Detector (ILD) is a concept for a detector at the International Linear Collider,
ILC [198]. In a slightly modified version, it has also been proposed for the CLIC linear collider [199].

The ILD detector concept has been optimised with a clear view on precision. In recent years
the concept of particle flow has been shown to deliver the best possible overall event reconstruction.
Particle flow implies that all particles in an event, charged and neutral, are individually reconstructed.
This requirement has a large impact on the design of the detector, and has played a central role in
the optimisation of the system. Superb tracking capabilities and outstanding detection of secondary
vertices are other important aspects. Care has been taken to design a hermetic detector, both in
terms of solid-angle coverage, but also in terms of avoiding cracks and non-uniformities in response.
The overall detector system has undergone a vigorous optimisation procedure based on extensive
simulation studies both of the performance of the subsystems, and on studies of the physics reach
of the detector. Simulations are accompanied by an extensive testing program of components and
prototypes in laboratory and test-beam experiments.

Figure III-1.1
View of the ILD detec-
tor concept.

The ILD detector concept has been described in a number of documents in the past. Most
recently the letter of intent [198] gave a fairly in depth description of the ILD concept. The ILD
concept is based on the earlier GLD and LDC detector concepts [200, 201, 202]. Since the publication
of the letter of intent, major progress has been made in the maturity of the technologies proposed for
ILD, and their integration into a coherent detector concept.
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Chapter 1
SiD Concept Overview

1.1 SiD Philosophy

SiD [63] is a general-purpose detector designed to perform precision measurements at a Linear Collider.
It satisfies the challenging detector requirements that are described in the Common Section. SiD is
based on the PFA paradigm, an algorithm by which the reconstruction of both charged and neutral
particles is accomplished by an optimised combination of tracking and calorimetry. The net result
is a significantly more precise jet energy measurement that results in a di-jet mass resolution good
enough to distinguish between W and Z hadronic decays.

SiD (Figures II-1.1, II-1.2) is a compact detector based on a powerful silicon pixel vertex
detector, silicon tracking, silicon-tungsten electromagnetic calorimetry (ECAL) and highly segmented
hadronic calorimetry (HCAL). SiD also incorporates a high-field solenoid, iron flux return, and a muon
identification system. The use of silicon sensors in the vertex, tracking and calorimetry enables a
unique integrated tracking system ideally suited to particle flow.

Figure II-1.1
SiD on its platform,
showing tracking (red),
ECAL (green), HCAL
(violet) and flux return
(blue).

The choice of silicon detectors for tracking and vertexing ensures that SiD is robust with respect
to beam backgrounds or beam loss, provides superior charged particle momentum resolution, and
eliminates out-of-time tracks and backgrounds. The main tracking detector and calorimeters are
“live” only during each single bunch crossing, so beam-related backgrounds and low-p

T

backgrounds
from gg processes will be reduced to the minimum possible levels. The SiD calorimetry is optimised
for excellent jet energy measurement using the PFA technique. The complete tracking and calorimeter
systems are contained within a superconducting solenoid, which has a 5 T field strength, enabling the
overall compact design. The coil is located within a layered iron structure that returns the magnetic
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Menu

!
!

• The case for precision at the ILC 
!

• Detector conceptual design and optimisation 
!

• Snapshots of calorimeter R&D
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Higgs discovery

• A turning point: 
• after 50 years the last 

building block falls into place 
• and opens the door to 

something completely new

!3

2013 Nobel prize in physics
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Anticipated discoveries

• The history of particle physics is full of predicted discoveries: 
– Positron, neutrino, pions, quarks, gluons, W, Z bosons, charm, 

bottom, top - and now Higgs 
• Precision directs the way forward

!4

From precision tests of electroweak quantum corrections

Higgs

top
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Higgs physics

!
• The main question today:  
• establish the Higgs profile 

– mass, spin, parity 
– above all: couplings 
!

• Is the Higgs the Higgs 
and fulfils its role in the 
Standard Model? 
!

• Or does it hold the clue to 
New Physics?
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Chapter 2. Higgs Boson

Figure 2.21
Expected precision
from the full ILC pro-
gram of tests of the
Standard Model pre-
diction that the Higgs
coupling to each parti-
cle is proportional to its
mass.
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in Fig. 2.4, falls short of that goal.
We then presented the capabilities of the ILC for precision measurements of the Higgs boson

couplings. The ILC program for Higgs couplings can begin at a center of mass energy of 250 GeV,
near the peak of the cross section for e+e≠ æ Z0h0. This program allows a direct measurement of
the cross section, rather than measurement that includes branching ratios, already eliminating an
important source of ambiguity from the LHC data. The program also allows the measurement of
individual branching channels, observed in recoil against the Z0 boson. The excellent flavor tagging
capabilities of the ILC experiments allow access to the cc decay mode of the Higgs boson and sharpen
the observation of many other modes. The ILC experiments are highly sensitive to possible invisible
or other unexpected decay modes of the Higgs boson, with sensitivity at the percent level.

A later stage of ILC running at the full energy of 500 GeV will enhance these capabilities. At
500 GeV, the W fusion reaction e+e≠ æ ‹‹h turns on fully, giving a very precise constraint on the
Higgs boson coupling to WW . The increased statistics sharpens the measurement of rare branching
channels such as ““. Higher energy also gives improved g/c/b separation in the hadronic decay
models. Running at 500 GeV allows the first direct measurements of the Higgs coupling to tt and the
Higgs self-coupling.

The technology of the ILC will eventually allow extended running at higher energies, up to 1 TeV
in the center of mass. A 1 TeV program will add further statistics to the branching ratio measurements
in all channels, using the increasing e+e≠ æ ‹‹h cross section. It also very much increases the
sensitivity of the determinations of the Higgs coupling to tt and the Higgs self-coupling.

The progression of this program is shown graphically in Fig. 2.20. For each Higgs boson coupling,
four sets of error bars are shown, always assuming that the underlying value of the coupling is that of
the Standard Model. The first is the estimate of the LHC capability, from Fig. 2.4. The second is the
error that would be obtained by adding the data from a 250 fb≠1 run of the ILC at 250 GeV. The
third is the error that would be obtained by adding to this the data from a 500 fb≠1 run of the ILC
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Precision for discovery

!6

Brock/Peskin Snowmass 2013

precision for precision’s sake?
No - this is a discovery search

83

SM

Benchmark 
for discovery 
is few % to 
sub-%
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International Linear Collider

• no need to introduce it here…
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How to measure a coupling

• We perform counting experiments: 
• N events / integr. luminosity = cross section x branching ratio  
• Branching rato = partial width / total width  
!

• σ * BR = σi * Γf / ΓT ~ gi2  gf2 / ΓT  
!

• Need total width to convert branching ratios into couplings  
– e.g. Z line shape at LEP 

• ΓT (Higgs)SM = 4 MeV - unobservable 
!

• At LHC, only poorly constraint 
– or SM value assumed 
!

• At ILC, play the cards of e+e-…

!8
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Higgs production

• Higgs strahlung  
!
!
!
!
!

• W fusion 
!
!
!
!
!
!

• Z fusion 
!9
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Figure 2.6. Feynman diagrams for the three major Higgs production processes at the ILC: e+e≠ æ Zh (left),
e+e≠ æ ‹‹H (center), and e+e≠ æ e+e≠H (right).

promising bb““ final state was studied in Ref. [73]. The expected triple-Higgs coupling sensitivity
can be expressed as �⁄hhh © ⁄/⁄

SM

≠ 1, assuming no new particles contribute to the gg æ h and
gg æ hh loops. The results, summarized in Table 2.1, indicate that only order-1 sensitivity will be
possible.

The ATLAS submission to the European Strategy Study [62], gives some new results on the
measurement of the triple Higgs coupling. The report estimates that, with 3000 fb≠1 and combining
both LHC experiments, “a ≥ 30% measurement of ⁄HHH may be achieved”. We look forward to the
studies, not yet reported, that will support this conclusion.

2.4 Higgs measurements at ILC at 250 GeV

The physics program of the LHC should be contrasted with the physics program that becomes available
at the ILC. The ILC, being an e+e≠ collider, inherits traditional virtues of past e+e≠ colliders such
as LEP and SLC. We have described these in Chapter 1. The ILC o�ers well defined initial states,
a clean environment, and reasonable signal-to-noise ratios even before any selection cuts. Thanks
to the clean environment, it can be equipped with very high precision detectors. The experimental
technique of Particle Flow Analysis (PFA), described in Volume 4 of this report, o�ers a qualitative
improvement in calorimetry over the detectors of the LEP era and su�cient jet mass resolution
to identify W and Z bosons in their hadronic decay modes. Thus, at the ILC, we can e�ectively
reconstruct events in terms of fundamental particles — quarks, leptons, and gauge bosons. Essentially,
we will be able to analyze events as viewing Feynman diagrams. By controlling beam polarization, we
can even select the Feynman diagrams that participate a particular reaction under study. The Higgs
boson can be observed in all important modes, including those with decay to hadronic jets. This is a
great advantage over the experiments at the LHC and provides the opportunity to carry out a truly
complete set of precision measurements of the properties of the Standard-Model-like Higgs boson
candidate found at the LHC.

The precision Higgs program will start at
Ô

s = 250 GeV with the Higgs-strahlung process,
e+e≠ æ Zh (Fig. 2.6 (left)).The production cross section for this process is plotted in Fig. 2.7 as a
function of

Ô
s together with that for the weak boson fusion processes (Figs. 2.6-(center and right)).

We can see that the Higgs-strahlung process attains its maximum at around
Ô

s = 250 GeV and
dominates the fusion processes there. The cross section for the fusion processes increases with the
energy and takes over that of the Higgs-strahlung process above

Ô
s >≥ 400 GeV.

The production cross section of the Higgs-strahlung process at
Ô

s ƒ 250 GeV is substantial
for the low mass Standard-Model-like Higgs boson. Its discovery would require only a few fb≠1 of
integrated luminosity. With 250 fb≠1, about 8. ◊ 104 Higgs boson events can be collected. Note that,
here and in the rest of our discussion, we take advantage of the ILC’s positron polarization to increase
the Higgs production rate over that expected for unpolarized beams.

The precise determination of the properties of the Higgs boson is one of the main goals of the
ILC. Only after this study is completed can we settle the question of whether the new resonance is

28 ILC Technical Design Report: Volume 2
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Figure 2.6. Feynman diagrams for the three major Higgs production processes at the ILC: e+e≠ æ Zh (left),
e+e≠ æ ‹‹H (center), and e+e≠ æ e+e≠H (right).
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to identify W and Z bosons in their hadronic decay modes. Thus, at the ILC, we can e�ectively
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we will be able to analyze events as viewing Feynman diagrams. By controlling beam polarization, we
can even select the Feynman diagrams that participate a particular reaction under study. The Higgs
boson can be observed in all important modes, including those with decay to hadronic jets. This is a
great advantage over the experiments at the LHC and provides the opportunity to carry out a truly
complete set of precision measurements of the properties of the Standard-Model-like Higgs boson
candidate found at the LHC.
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integrated luminosity. With 250 fb≠1, about 8. ◊ 104 Higgs boson events can be collected. Note that,
here and in the rest of our discussion, we take advantage of the ILC’s positron polarization to increase
the Higgs production rate over that expected for unpolarized beams.

The precise determination of the properties of the Higgs boson is one of the main goals of the
ILC. Only after this study is completed can we settle the question of whether the new resonance is
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2.4. Higgs measurements at ILC at 250 GeV

Figure 2.7
Production cross
section for the
e+e≠ æ Zh process
as a function of the
center of mass energy
for mh = 125 GeV,
plotted together with
those for the W W and
ZZ fusion processes:
e+e≠ æ ‹‹H and
e+e≠ æ e+e≠H.
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the Standard Model Higgs boson, a Higgs boson of a more general theory, or a particle of a di�erent
origin. Particular important for this question are the values of the Higgs boson mass, mh, and the
Higgs production cross sections and branching ratios.

In this section and the following ones, we will present the measurement accuracies for the Higgs
boson properties expected from the ILC experiments. These measurement accuracies are estimated
from full simulation studies with the ILD and SiD detectors described in the Detector Volume, Volume
4 of this report. Because these full-simulation studies are complex and were begun long before the
LHC discovery, the analyses assumed a Higgs boson of mass 120 GeV. In this section and the next two
sections, then, all error estimates refer to 120 GeV Higgs boson. In Section 2.7, we will present a table
in which our results are extrapolated to measurement accuracies for a 125 GeV Higgs boson, taking
into appropriate account the changes in the signal and background levels in these measurements.

2.4.1 Mass and quantum numbers

We first turn our attention to the measurements of the mass and spin of the Higgs boson, which
are necessary to confirm that the Higgs-like object found at the LHC has the properties expected for
the Higgs boson. We have discussed in the previous section that the LHC already o�ers excellent
capabilities to measure the mass and quantum numbers of the Higgs boson. However, the ILC o�ers
new probes of these quantities that are very attractive experimentally. We will review them here.

We first discuss the precision mass measurement of the Higgs boson at the ILC. This measurement
can be made particularly cleanly in the process e+e≠ æ Zh, with Z æ µ+µ≠ and Z æ e+e≠ decays.
Here the distribution of the invariant mass recoiling against the reconstructed Z provides a precise
measurement of mh, independently of the Higgs decay mode. In particular, the µ+µ≠X final state
provides a particularly precise measurement as the e+e≠X channel su�ers from larger experimental
uncertainties due to bremsstrahlung. It should be noted that it is the capability to precisely reconstruct
the recoil mass distribution from Z æ µ+µ≠ that defines the momentum resolution requirement for
an ILC detector.

The reconstructed recoil mass distributions, calculated assuming the Zh is produced with four-
momentum (

Ô
s, 0), are shown in Fig.2.8. In the e+e≠X channel FSR and bremsstrahlung photons

are identified and used in the calculation of the e+e≠(n“) recoil mass. Fits to signal and background
components are used to extract mh. Based on this model-independent analysis of Higgs production
in the ILD detector, it is shown that mh can be determined with a statistical precision of 40 MeV
(80 MeV) from the µ+µ≠X (e+e≠X) channel. When the two channels are combined an uncertainty
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Higgs signal in Z recoil 

• In e+e-, use kinematic 
constraints 

• recoil mass against Z  
– M2 = E2-p2 
– beam energy: E = √s-EZ, p=pZ 
– (Z mass: EZ2 = MZ2 + pZ2) 
!

• No use of Higgs final state, can 
even be invisible  

• Model-independent ZH cross 
section 

• Absolute normalisation for BRs 
– sensitive to invisible decays 

• Direct extraction of gZ

!10

works best with muons,  
also well with electrons 
jets: not so easy 
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we will be able to analyze events as viewing Feynman diagrams. By controlling beam polarization, we
can even select the Feynman diagrams that participate a particular reaction under study. The Higgs
boson can be observed in all important modes, including those with decay to hadronic jets. This is a
great advantage over the experiments at the LHC and provides the opportunity to carry out a truly
complete set of precision measurements of the properties of the Standard-Model-like Higgs boson
candidate found at the LHC.

The precision Higgs program will start at
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s = 250 GeV with the Higgs-strahlung process,
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for the low mass Standard-Model-like Higgs boson. Its discovery would require only a few fb≠1 of
integrated luminosity. With 250 fb≠1, about 8. ◊ 104 Higgs boson events can be collected. Note that,
here and in the rest of our discussion, we take advantage of the ILC’s positron polarization to increase
the Higgs production rate over that expected for unpolarized beams.

The precise determination of the properties of the Higgs boson is one of the main goals of the
ILC. Only after this study is completed can we settle the question of whether the new resonance is
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Higgs decays

• MH = 125 GeV  
• ideal for ILC 

– but not for H → ZZ* 
!

• ΓT = BR (H→ZZ*)/ gZ2 
!

• in principle possible - 
but large error (20%) 

!11

Brock/Peskin Snowmass 2013

couplings
1. Higgs discovery spawned an industry

precision fitting of couplings

81

H
gf
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Higgs total width

• Use W fusion cross section and 
H→WW* branching ratio  

• ΓT = BR(H→WW*) / gW2 
!

• W fusion σ is not model independent 
– ff = bb or WW* final state 
– measure same in ZH and scale 
!

• gW2/gZ2 = σννH B(H→ff) / σZH  B(H→ff) 
• gZ2 from Z recoil  
!

• BR (H→WW*) in ννH or ZH prod 
!

• Done!     👍
!12
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Figure III-6.11. Left:Reconstructed h æ bb di-jet mass distribution after the b-tagging selection. Right: Recon-
structed Higgs mass distribution in h æ WW

ú fully hadronic decay channel. Both figures correspond to the DBD
P≠80,+20

sample.

mode, h æ WWú æ qqqq, was considered. At
Ô

s = 1 TeV, higher instantaneous luminosity is
expected than at 250 or 500 GeV. This, together with the rising Higgs production cross section,
implies that one can accumulate observable amounts of h æ µ+µ≠ events (‡·BR= 0.089 fb for
P≠80,+20

).
In the h æ bb, cc, and gg channels, the events have in common that they contain two jets

with a di-jet mass consistent with the Higgs mass and that they have large missing energy due to the
neutrinos. Flavour tagging is crucial to distinguish the decay channels.

Jets were reconstructed by first employing the kt jet clustering algorithm with R = 1.1 and
Njet = 2 to remove particles from pile-up events, and then the Durham algorithm on the remaining
particles. In order to reduce the background, it was required that the visible energy and longitudinal
momentum should be small, while the transverse momentum should be high. Cuts based on the total
particle-multiplicity and the polar angle of the jets were applied to reduce the 2-fermion background.
Finally, the Higgs candidate events for flavour tagging were selected by requiring the mass of the
di-jet to be in [110, 150] GeV. The e�ciency to select h æ bb, cc and gg at this stage were 35.0%,
37.3% and 35.9%, respectively, while the major background was the ‹‹̄qq̄ (non-Higgs) final state.

A flavour tagging template fitting was performed to extract ‡·BR for the di�erent channels.
The flavour templates of h æ bb, cc, gg, and backgrounds were obtained from the flavour tagging
boosted-decision tree output of LCFIPlus. Figure III-6.11 (left) shows the reconstructed h æ bb di-jet
mass distribution after applying a b-tagging cut for the DBD P≠80,+20

sample. By repeating the
template fit 5000 times on distributions generated by a toy Monte Carlo, the measurement expected
accuracies on ‡·BR could be evaluated.

In the fully hadronic h æ WWú channel, the expected final state is four jets consistent with
WWú, with total mass consistent with the Higgs mass, while having large missing energy and
missing transverse momentum. Background from pile-up events was removed by employing the kt

jet clustering algorithm with R = 0.9 and Njet = 4. The remaining particles were forced to into a
four-jet configuration using the Durham algorithm. From the reconstructed four jets, the jet pairing
yielding the di-jet mass closest to m

W

was assumed to be the W. The other di-jet should have a
mass between 15 and 60 GeV. In the jet clustering, it was demanded that the Durham algorithm
should show a preference for the four-jet configuration. Subsequently, pre-selections similar to those
of the two-jet channel were applied. In this channel, h æ bb could be a major background, therefore
the b-likeness from LCFIPlus was required to be low.

The distribution of the reconstructed Higgs mass in the h æ WWú hadronic decay channel
is shown in Figure III-6.11 (right) for the DBD P≠80,+20

sample. Signal selection e�ciency of
h æ WWú was 12.4% and remaining major backgrounds are 4-fermions (e+e≠ æ ‹‹̄qq̄), 3-fermions
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Jets were reconstructed by first employing the kt jet clustering algorithm with R = 1.1 and
Njet = 2 to remove particles from pile-up events, and then the Durham algorithm on the remaining
particles. In order to reduce the background, it was required that the visible energy and longitudinal
momentum should be small, while the transverse momentum should be high. Cuts based on the total
particle-multiplicity and the polar angle of the jets were applied to reduce the 2-fermion background.
Finally, the Higgs candidate events for flavour tagging were selected by requiring the mass of the
di-jet to be in [110, 150] GeV. The e�ciency to select h æ bb, cc and gg at this stage were 35.0%,
37.3% and 35.9%, respectively, while the major background was the ‹‹̄qq̄ (non-Higgs) final state.

A flavour tagging template fitting was performed to extract ‡·BR for the di�erent channels.
The flavour templates of h æ bb, cc, gg, and backgrounds were obtained from the flavour tagging
boosted-decision tree output of LCFIPlus. Figure III-6.11 (left) shows the reconstructed h æ bb di-jet
mass distribution after applying a b-tagging cut for the DBD P≠80,+20

sample. By repeating the
template fit 5000 times on distributions generated by a toy Monte Carlo, the measurement expected
accuracies on ‡·BR could be evaluated.

In the fully hadronic h æ WWú channel, the expected final state is four jets consistent with
WWú, with total mass consistent with the Higgs mass, while having large missing energy and
missing transverse momentum. Background from pile-up events was removed by employing the kt

jet clustering algorithm with R = 0.9 and Njet = 4. The remaining particles were forced to into a
four-jet configuration using the Durham algorithm. From the reconstructed four jets, the jet pairing
yielding the di-jet mass closest to m

W

was assumed to be the W. The other di-jet should have a
mass between 15 and 60 GeV. In the jet clustering, it was demanded that the Durham algorithm
should show a preference for the four-jet configuration. Subsequently, pre-selections similar to those
of the two-jet channel were applied. In this channel, h æ bb could be a major background, therefore
the b-likeness from LCFIPlus was required to be low.

The distribution of the reconstructed Higgs mass in the h æ WWú hadronic decay channel
is shown in Figure III-6.11 (right) for the DBD P≠80,+20

sample. Signal selection e�ciency of
h æ WWú was 12.4% and remaining major backgrounds are 4-fermions (e+e≠ æ ‹‹̄qq̄), 3-fermions
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The rare decays

• charm tagging at LHC: hopeless 
– constrain by mc / mt   

• unique access to 2nd family 
!

• H→µµ at the edge
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FIGURE 3.3-17. a) The c-tag of the two jets in candidate ZH ! qqcc events after all other cuts apart
from the c-tag and c-likeness cut. b) Distribution of the reconstructed di-jet mass for the ZH ! ⌫⌫̄cc̄
sample prepared by bc-tagging.

centre-of-mass energy, the combined results shown in Table 3.3-5 are broadly in agreement
with those obtained with a fast simulation analysis performed in the context of the TESLA
TDR [34].

Channel Br(H ! bb) Br(H ! cc) Br(H ! gg)

ZH ! `+`�qq (2.7� 2.5)% (28� 2.5)% (29� 2.5)%

ZH ! ⌫⌫̄H (1.1� 2.5)% (13.8� 2.5)% �
ZH ! qqcc � (30� 2.5)% �
Combined 2.7% 12% 29%

TABLE 3.3-5
Expected precision for the Higgs boson branching fraction measurements (

p
s = 250GeV) for the individual

Z decay channels and for the combined result. The expected 2.5% uncertainty on the total Higgs production
cross section is added in quadrature. The results are based on full simulation/reconstruction and assume
an integrated luminosity of 250 fb�1. Entries marked � indicate that results are not yet available.

3.3.3 Tau-pairs

The reconstruction of ⌧+⌧� events at
p
s = 500 GeV provides a challenging test of the detec-

tor performance in terms of separating nearby tracks and photons. The expected statistical
sensitivities for the ⌧+⌧� cross section, the ⌧+⌧� forward-backward asymmetry, A

FB

, and
the mean tau polarisation, P

⌧

, are determined for and integrated luminosity of 500 fb�1 with
beam polarisation, P (e+, e�) = (+30%,�80%).

Simulated events with less than seven tracks are clustered into candidate tau jets each
of which contains at least one charged particle. Tau-pair events are selected by requiring
exactly two candidate tau jets with opposite charge. The opening angle between the two tau
candidates is required to be > 178� to reject events with significant ISR (including radiative
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(e“ æ ‹qq̄) and other decay channels of the Higgs. The relative measurement error on ‡·BR was
evaluated by

Ô
Ns+NBG

Ns
, where Ns(NBG) is the number of signal (background) events in the signal

region.
The h æ µ+µ≠ channel, due to its very low branching-ratio was only studied in the DBD

P≠80,+20

sample where the Higgs production cross section is larger. The main backgrounds are
e≠e+ æ ‹‹µ≠µ+ and ““ æ ‹‹¸≠¸+. Events with two reconstructed high momentum isolated tracks
were selected, provided that the two tracks were identified as muons. The invariant mass of the
di-muon system was required to be between 95 and 155 GeV, and its energy to be lower than 400
GeV. Fully leptonic events were selected by requiring low multiplicity and high missing energy. The
di-· background was reduced by requiring that the significance of the impact parameters should be
small. The signal e�ciency at this pre-selection stage was found to be 81.1 %. Further cuts on
missing energy and transverse momentum, the minimum angle to the beam-axis of the muons and on
energy detected in the very forward calorimeter were applied. The final signal e�ciency after all cuts
was 37.0 %.

Figure III-6.12 shows the reconstructed di-muon mass of h æ µ+µ≠. After the final selection
was applied, the resulting invariant mass distributions for the background and the signal were fitted
individually. Those fits were used to generate mass-distributions for 5000 pseudo-experiments,
assuming L = 500 or 1000 fb≠1 with P≠80,+20

. The signal and background was fitted to each of
the pseudo-experiments, and the distribution of the fit-results was used to evaluate the statistical
accuracy of ‡·BR.

The statistical uncertainties for all studied decay-modes are summarised in Table III-6.5 separately
for the P≠80,+20

and P
+80,≠20

DBD samples. In addition, the obtainable precisions assuming the full
1 ab≠1 sample was collected with P≠80,+20

are given.

Table III-6.5
Summary of the ac-
curacies of (‡ · Br)
at

Ô
s = 1 TeV. The

shown values corre-
spond to statistical
errors only.

L 500 fb

≠1

1 ab

≠1

Beam polarisation P≠80,+20

P
+80,≠20

P≠80,+20

�‡BR/‡BR(h æ b

¯

b) 0.54% 2.1% 0.39%
�‡BR/‡BR(h æ cc̄) 5.7% 36.8% 3.9%
�‡BR/‡BR(h æ gg) 3.9% 25.7% 2.8%
�‡BR/‡BR(h æ WW

ú æ 4j) 3.6% 23.7% 2.5%
�‡BR/‡BR(h æ µ+µ≠

) 41% - 31%

Figure III-6.12
Reconstructed di-muon
mass distribution of
h æ µ+µ≠ in the DBD
P≠80,+20

sample.
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ILC and LHC

• Only the ILC can go to the percent 
level precision to probe new physics 

• also true for high lumi LHC
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2.8. Conclusion
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Figure 2.20. Estimate of the sensitivity of the ILC experiments to Higgs boson couplings in a model-independent
analysis. The plot shows the 1 ‡ confidence intervals as they emerge from the fit described in the text. Deviation
of the central values from zero indicates a bias, which can be corrected for. The upper limit on the W W and ZZ
couplings arises from the constraints (2.31). The bar for the invisible channel gives the 1 ‡ upper limit on the
branching ratio. The four sets of errors for each Higgs coupling represent the results for LHC (300 fb≠1, 1 detector),
the threshold ILC Higgs program at 250 GeV, the full ILC program up to 500 GeV, and the extension of the ILC
program to 1 TeV. The methodology leading to this figure is explained in [65].

2.8 Conclusion

The landscape of elementary particle physics has been altered by the discovery by the ATLAS and
CMS experiments of a new boson that decays to ““, ZZ, and WW final states [2, 3]. The question
of the identity of this bosons and its connection to the Standard Model of particle physics has become
the number one question for our field. In this section, we have presented the capabilities of the ILC
to study this particle in detail. The ILC can access the new boson through the reactions e+e≠ æ Zh

and through the WW fusion reaction e+e≠ æ ‹‹h. Though our current knowledge of this particle is
still limited, we already know that these reactions are available at rates close to those predicted for
the Higgs boson in the Standard Model. The ILC is ideally situated to give us a full understanding of
this particle, whatever its nature.

The leading hypothesis for the identity of the new particle is that it is the Higgs boson of the
Standard Model, or a similar particle responsible for electroweak symmetry breaking in a model that
includes new physics at the TeV energy scale. We have argued that, if this identification proves correct,
the requirements for experiments on the nature of this boson are extremely challenging. Though there
are new physics models that predict large deviations of the boson couplings from the Standard Model
predictions, the typical expectation in new physics models is that the largest deviations from the
Standard Model are at the 5–10% level. Depending on the model, these deviations can occur in any
of the boson’s couplings. Thus, a comprehensive program of measurements is needed, one capable of
being interpreted in a model-independent way. Our estimate of the eventual LHC capabilities, given
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Figure 1: Expected precision for Higgs coupling measure-
ments at the HL-LHC, ILC at 250 GeV and their combina-
tion. For the latter we also show the fit including �c. The
inner bars for HL-LHC denote a scenario with improved ex-
perimental systematic uncertainties.

fore, we assume

�
tot

=
X

obs

�x(gx) + 2nd generation < 2GeV . (3)

The upper limit of 2 GeV takes into account that a larger
width would become visible in the mass measurement.
The second generation is linked to the third generation
via gc = mc/mt g

SM

t (1+�t). The leptonic muon Yukawa
might be observable at the LHC in weak boson fusion or
inclusive searches, depending on the available luminos-
ity [23].

At the ILC the situation is very di↵erent: the total
width can be inferred from a combination of measure-
ments. This is mainly due to the measurement of the
inclusive ZH cross section based on a system recoiling
against a Z ! µ+µ� decay. While the simultaneous fit
of all couplings will reflect this property, we can illustrate
this feature based on four measurements [18, 19]

1. Higgs-strahlung inclusive (�ZH)

2. Higgs-strahlung with a decay to bb̄ (�Zbb)

3. Higgs-strahlung with a decay to WW (�ZWW )

4. W -fusion with a decay bb̄ (�⌫⌫bb)

described by four unknowns �W , �Z , �b, and �
tot

.
Schematically, the total width is

�
tot

 �⌫⌫bb/�Zbb

�ZWW /�ZH
⇥ �ZH . (4)

This results in a precision of about 10% [20] on the total
width at LC250.

In addition, Higgs decays to charm quarks can be dis-
entangled from the background, therefore a link between
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Figure 2: Expected precision for Higgs couplings measure-
ments at the HL-LHC, ILC up to 500 GeV and their com-
bination. For the latter we also show the fit including �c.
The inner bars for HL-LHC denote a scenario with improved
experimental systematic uncertainties.

the second and third generation along the lines of Eq.(3)
is not needed. A di↵erence in the interpretation of our
results we need to keep in mind: while electroweak cor-
rections are not expected to interfere at the level of pre-
cision of our HL-LHC analysis, at the ILC the individual
measurement of Higgs couplings will most likely require
an appropriate ultraviolet completion [24]. In this largely
experimentally driven study we assume the existence of
such a picture.
At a linear collider the errors on Higgs branching ratios

BRx or particle widths �x are crucial [25]. As theory er-
rors on the latter we assume 4% for decays into quarks,
2% for gluons, and 1% for all other decays [8]. Trans-
lated into branching ratios this corresponds for example
to an error around 2% on the branching ratio into bot-
tom quarks. Further improvements on these values in
the future are possible, but we decided to remain conser-
vative. The error on the branching ratios follows from
simple error propagation, where theory errors are added
linearly,

�BRx =
X

k

����
@

@�k
BRx

���� ��k

=
1

�
tot

 
BRx

X

k

��k + (1� 2BRx) ��x

!
. (5)

Higgs couplings — the result of an individual and si-
multaneous determination of the Higgs couplings are
shown in Fig. 1. For the LHC, we need to make an as-
sumption about the width, shown in Eq. (3). At LC250
the inclusive ZH rate gives direct access to �Z at the
percent level. No assumption about the width is needed.
The simplest model for modified Higgs couplings is a

global factor�H , which arises through a Higgs portal [26]

LHC 300 fb-1 @ 14 TeV 
ILC1 250 fb-1 @ 250 GeV  
ILC 500 fb-1 @ 500 GeV 
ILC1T 1000 fb-1 @ 1 TeV

Peskin 2013

Zerwas 2013
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Potential for direct discovery

• Physics case for ILC is based on 
precision measurements  
– Higgs, top, and more 

• and discovery potential 
– low masses or low mass differences 

invisible at LHC 
!

• Example: production of charging 
and neutralino pairs 
– final state:  W or Z pairs and 

missing E 
!

• Design experiments for the known - 
and the unknown

!15

Physics Performance
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FIGURE 3.3-12. a) Di-jet mass from the 5C kinematic fit after all selection cuts. b) Fit of the background
and Chargino and Neutralino contributions. The fit parameters are the normalisations of the W and
Z peaks. c) Energy spectra of W and Z boson candidates after the Chargino and d) Neutralino event
selections, shown including fits to signal and background contributions.

the W and Z candidates from the kinematic fit are shown in Figure 3.3-12c/d. The masses
of the gauginos are determined from the kinematic edges of the distributions located using
an empirically determined fitting function for the signal and a parameterisation of the SM
background. From the fit results the upper and lower kinematic edges of the �̃±1 sample
are determined to ±0.2 GeV and ±0.7 GeV respectively. The corresponding numbers for the
�̃0

2 sample are: ±0.4 GeV and ±0.8 GeV. For the SUSY point 5 parameters, the �̃±1 lower
edge is close to mW and, thus, does not significantly constrain the gaugino masses. The
other three kinematic edges can be used to determine the gaugino masses with a statistical
precision of 2.9 GeV, 1.7 GeV and 1.0 GeV for the �̃±1 , �̃0

2, and �̃0
1 respectively. The errors on

the masses are larger than the errors on the positions of the edges themselves. This reflects
the large correlations between the extracted gaugino masses; the di↵erences in masses are
better determined than the sum. If the LSP mass were known from other measurements, e.g.
from the slepton sector, the errors on the �̃±1 and �̃0

2 masses would be significantly reduced.
Furthermore, the resolutions can be improved by about a factor of two using a kinematic
fit which constrains the boson masses for chargino (neutralino) candidates not only to be
equal to each other, but also to be equal to the nominal W (Z) mass. In this case, statistical
precisions of 2.4GeV, 0.9GeV, and 0.8GeV are obtained for the �̃±1 , �̃0

2, and �̃0
1 respectively.
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Snowmass point 5 
m(χ  ̃01) = 115.7 GeV, m(χ  ̃±1 ) = 216.5 GeV, m(χ  ̃02 = 216.7 GeV	
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ILC physics:

• The Higgs discovery opens the door to a 
completely new kind of matter and a completely 
new phenomenology 
!

• An e+e- machine provides the clean conditions and 
a self-contained set of observables  
!

• Only the ILC can reach the precision at percent 
level which can reveal the signatures of 
electroweak symmetry breaking mechanisms 
!

• There is so much more 
– direct discoveries, top physics, ..

!16



Detector requirements  
from physics
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General observations

• e+e- physics is about exclusive 
final sates 
– identify τ, c, b, W, Z, 

• typically multiple signatures in 
the same event 
– inefficiencies add up 

• complex multi-fermion topologies 
• cross sections are small w.r.t. 

LHC - need every event, each 
channel, not just the gold-plated  

• Kinematic constraints can be 
applied - but not always 
– ZH, Z →νν (otherwise nice and 

clean) 
– ννH

!18

Chapter 1. The physics and detector challenges of the ILC

Figure I-1.2. Two event displays for: (up) e+e≠ æ Zh; Z æ µ+µ≠
; h æ b¯b at 250 GeV from SiD and (down)

e+e≠ æ t¯th; t¯t æ 6q; h æ b¯b from ILD at 1 TeV.

1.4.1 Definition of the first set of benchmark processes (250, 500 GeV) for the LOI

The first set of benchmark reactions was defined for the LOI [3]. For each reaction, the performance
for both 250 fb≠1 for

Ô
s = 250 GeV and 500 fb≠1 for 500 GeV was requested.

1. e+e≠ æ Zh, Z æ e+e≠ or µ+µ≠, h æ X (Mh = 120 GeV,
Ô

s = 250 GeV), measuring the
Higgs mass and the cross section. These processes test: a.- momentum resolution, b.- material
distribution in the detector, in particular in the tracker, and c.- photon ID;

2. e+e≠ æ Zh, h æ cc and µ+µ≠, Z æ ‹‹ (Mh = 120 GeV,
Ô

s = 250 GeV), measuring the
BR(h æ cc) and the BR(h æ µ+µ≠). These final states check: a.- heavy flavour tagging,
secondary vertex reconstruction, b.- multi jet final state, c-tagging in jets, uds anti-tagging
(particle ID), and c.- anti-tagging by studying the h æ gg channel;

3. e+e≠ æ Zh, h æ cc, Z æ qq (Mh = 120 GeV,
Ô

s = 250 GeV), measuring BR(h æ cc). In
addition to the charm tagging, this final state tests the confusion resolution capability;

4. e+e≠ æ ·+·≠ (
Ô

s = 500 GeV), measuring e�ciency and purity, as well as cross section,
forward-backward asymmetry (AF B) and P· (· polarisation). These channels test: a.- tau
reconstruction, aspects of particle flow, b.- fi0 reconstruction, and c.- tracking of very close-by
tracks;

5. e+e≠ æ tt, t æ bW +, W + æ qqÕ (Mtop = 175 GeV,
Ô

s = 500 GeV), measuring cross
section, forward-backward asymmetry (AF B), and mtop. This tests the following: a.- multi
jet final states, dense jet environment, b.- particle flow, c.- b-tagging inside a jet, d.- lepton

14 ILC Technical Design Report: Volume 4, Part I
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Flavour tagging

!
• b tagging is a standard tool  

– H→bb, top → Wb 
– jet combinatorics 
!

• H → cc is possible at the ILC only 
• requires beyond state-of-the-art 

flavour tag  
– c in presence of overwhelming b 

background

!19

Chapter 6. ILD Performance

ZZZ æ qqqqqq reactions, shown in Figure III-6.5b. The latter process is forced to decay into the
same quark pairs for all three Z decays. The ““ æ hadrons backgrounds are not overlaid for this
study. The boosted decision trees are retrained for the di�erent energies and di�erent final states. A
slight performance degradation is seen by increasing the jet energy. The performance also degrades
by increasing the number of jets in the final state, which can be attributed to reconstruction e�ects
in busy environments.

Figure III-6.5
Flavour tagging per-
formance plots for
(a) Z æ qq sam-
ples at

Ô
s = 91 GeV

and 250 GeV, and (b)
ZZZ æ qqqqqq samples
at

Ô
s = 500 GeV and

1 TeV.
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6.1.5 Comparison of detector models

To compare the AHCAL and SDHCAL options, the e+e≠ æ tth benchmark signal samples were
simulated and fully reconstructed using dedicated detector models (ILD o1 v05 and ILD o2 v05,
respectively) and reconstruction software for each option, and analyzed as described in Sec. 6.3.4. It
was found that the there were no significant di�erences in the mass resolutions of the top and higgs
candidates.

6.2 ILD physics performance at 250 and 500 GeV

In this section the performance of ILD is described for
Ô

s = 250 GeV and
Ô

s = 500 GeV. More
details may be found in [198]. The results are summarised in Table III-6.2. These measurements
demonstrate the excellent performance of the ILD detector for many di�erent final states. In this
chapter three topics are reviewed in more detail, which stress in particular the detector performance.

6.2.1 Higgs recoil mass reconstruction

The precise determination of the properties of the higgs boson is one of the main goals of the ILC. In
particular, the model independent determination of the higgs boson branching ratios is central to the
physics goals of the ILC. Here the measurement of the e+e≠ æ hZ cross section from the recoil mass
distribution in Zh æ e+e≠X and Zh æ µ+µ≠X events, determines the absolute ghZZ

coupling.
In Zh æ µ+µ≠X events the recoil mass resolution is determined by the beam-energy spread and
the muon momentum resolution, whereas for Zh æ e+e≠X events Bremsstrahlung and final-state
radiation (FSR) dominate. The reconstructed recoil mass distributions for simulated events is shown
in Figure III-6.6. Measurement precisions on the hZ production cross section of 3.6 % and 4.3 % were
obtained from the respective µ+µ≠ and e+e≠(n“) final states. In the µ+µ≠ final state, the resolution
is limited by the beam energy spread rather than by the momentum resolution of the detector.

288 ILC Technical Design Report: Volume 4, Part III
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Momentum resolution

• Higgs recoil mass against 
leptonic Z decays: 
– Backbone of model-

independent couplings 
– normalise branching ratios 
– normalisation error dominant 
!

• At 250 GeV beam strahlung 
dominates the width  
– true also for endpoints 

• At 350 GeV momentum 
resolution counts, too

!20

Chapter 11. SiD Benchmarking

Figure II-11.1
Recoil mass distribu-
tions following selection
cuts for e

+

e

≠
h (left)

and µ+µ≠
h (right)

assuming 250 fb

≠1

luminosity with 80eR
initial state polarisation
at

Ô
s = 250 GeV. The

signal in red is added
to the background in
white.

The distributions for the recoil measurements in both the e+e≠h and µ+µ≠h channels are shown
in Figure II-11.1. Main background sources include mainly di-boson production (W+W≠, ZZ).
The amount of W+W≠ background can be greatly reduced by running exclusively with the 80eR
configuration. A summary of the results of both leptonic Z modes and using both 80eR and 80eL
is given in Table II-11.1.

Table II-11.1
Summary of Higgs mass and hZ cross-section
results for di�erent channels and the di�erent
luminosity assumptions at

Ô
s = 250 GeV.

The error includes the measurement statisti-
cal error and the systematic error due to the
finite statistics of the Monte Carlo training
sample.

80eR 80eL Channel �M
h

�‡
hZ

/‡
hZ

(fb≠1) (fb≠1) (GeV)

250 0 e

+

e

≠
h 0.078 0.041

250 0 µ+µ≠
h 0.046 0.037

250 0 e

+

e

≠
h + µ+µ≠

h 0.040 0.027

0 250 e

+

e

≠
h 0.066 0.067

0 250 µ+µ≠
h 0.037 0.057

0 250 e

+

e

≠
h + µ+µ≠

h 0.032 0.043

Measuring the branching ratios of the Higgs boson is of vital importance to distinguish the SM
Higgs boson from possible alternative scenarios. For the LOI the decays of the Higgs into cc and
µ+µ≠ have been studied at

Ô
s = 250 GeV using the Higgsstrahlung process, where the Z decayed

either in qq or nn. The identification of the h æ cc decay mode took advantage of the excellent
c-tagging capabilities of SiD (see [63]) and employed neural networks to separate the cc signal from
the overwhelming h æ bb background. For the cc branching ratio, the finally achieved accuracies
are 11% (Z æ nn) and 6% (Z æ qq), respectively.

For the rare Higgs decay into µ+µ≠ the challenge is to extract the signal out of an overwhelming
Standard Model background of mainly four-fermion events. While for the Z æ nn decay mode, it
has been proven quite di�cult to extract the signal, the LOI analysis has demonstrated sensitivity
in the hadronic channel, selecting 7.6 signal events over a background event of 39.3 events with a
signal selection e�ciency of 62%. This yields a measurement of the cross-section for the process
e+e≠ æ hZ, h æ µ+µ≠ with a precision of 89%.

For the analyses at
Ô

s = 500 GeV a dataset of 500 fb≠1 was used with 80eR polarisation unless
explicitly stated otherwise.

The first analysis using the 500 GeV dataset studies the process e+e≠ æ t+t≠ and aims to
measure the t polarisation with high precision. The measurement of the t polarisation allows a search
for multi-TeV ZÕ resonances. Tightly collimated jets with only a few tracks must be reconstructed
to identify the underlying charged hadron and p0 constituents. Therefore additional reconstruction
algorithms were applied in a second pass of the reconstruction, which were dedicated for identifying t
decays. This leads to t samples with purities of 85% or larger. To measure the mean t polarisation
over all t production angles, < Pt >, the optimal observable technique [178, 179] is used. For
this study two datasets with an integrated luminosity of 250 fb≠1 each were used, one with 80eR
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250 GeV

Effects on physics performance

Effects on physics performance

Key number
�(p) ⇡ 100 MeV at p = 100 GeV.

Higgs mass:
Momentum
resolution does
matter (at E
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Jet energy resolution

• At the ILC, must separate hadronic W and 
Z line D+ and Ds at Belle 
!

• Famous “blue plot”: study strong electro-
weak symmetry breaking at 1 TeV  
– WWνν, ZZνν production 
– but this is not the only one 
!

• H → WW*, ZZ* (total width) 
• H → cc, Z → νν  
• Chargino neutralino separation  
!

• In contrast, multi-jet final states like ttH 
are rather insensitive  
– jet finding dominates

!21

6.3. ILD benchmarking

obtained, demonstrating that the ILD jet energy resolution is su�cient to separate the hadronic
decays of gauge bosons.

Figure III-6.8
a) The reconstructed
di-jet mass distribu-
tions for the best jet-
pairing in selected
‹e‹̄eWW (blue) and
‹e‹̄eZZ (red) events atÔ

s = 1 T eV . b) Distri-
butions of the average
reconstructed di-jet
mass, (mij + mB

kl)/2.0,
for the best jet-pairing
for ‹e‹̄eWW (blue)
and ‹e‹̄eZZ (red)
events. /GeVijm
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6.3 ILD benchmarking

In chapter 1.4, the list of benchmark reactions is described which have been studied by the detector
groups (for more detail see [386]). The result of the analyses of these benchmarks are briefly presented
in this section. The generation of both signal, physics background, and machine background was
done as a common e�ort between ILD and SiD and is described in detail in chapter 2.2. The detector
simulation software and detector model used are described in chapter 5.4. Events for the analyses were
generated and simulated with the detailed GEANT4 based ILD model, and centrally reconstructed.
The PandoraPFA and LCFIPlus algorithms (described in chapter 2.2) were used.

The first three benchmark processes presented are at
Ô

s=1 TeV. They were chosen partly to
demonstrate the capability of the detectors under the conditions of the ILC operating at 1 TeV, partly
to exploit the opportunities that this higher energy would bring. More specifically:
e+e≠ æ ‹‹̄h is intended to test the detector capabilities in simple topologies.

e+e≠ æ W +W ≠ is complementing the first benchmark by topologies with jets at higher energies
and at lower angles.

e+e≠ æ tt̄h is intended to demonstrate the capability of the detector to disentangle very complicated
final states.

These processes were studied assuming an integrated luminosity (L) of 1 ab≠1, and with polarised
beams. Using the convention that Pp≠,p+ denotes a configuration of p ≠ % degree of polarisation
for the electrons, p + % for the positrons, the full sample was evenly divided in two samples with
P≠80,+20

and P
+80,≠20

. The full sample is referred to as the full DBD sample in the following, while
the two sub-samples are called the DBD P≠80,+20

and P
+80,≠20

samples.
The last of the benchmark processes was the analysis of e+e≠ æ tt at

Ô
s = 500 GeV. The

integrated luminosity was assumed to be 500 fb≠1, evenly divided in a P≠80,+30

sample and a
P

+80,≠30

one. This particular reaction was chosen to compare the current more detailed ILD model
to the one used in earlier studies to understand the impact the improved simulation model has on the
physics reach.
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W Z separation

14

At this stage, it seems that all of these technological options
can meet the performance requirements

Differences in performance are not large
no show-stoppers found
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Physics requirements: 

• Physics at the ILC demands an ultra-performant 
detector 
– vertex, momentum and jet energy resolution must 

be factors better than at the LHC 
!

• Open issue: 
• The relationship between detector performance 

and physics output must be made more 
transparent and more quantitative 

!23



Particle flow 

!24
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The jet energy challenge

• Jet energy performance of 
existing detectors is not 
sufficient for W Z 
separation 

• E.g. CMS: ~ 100%/√E, 
ATLAS ~ 70%/√E  

• Limited by hadron 
calorimeter resolution 

• HCAL resolution is 
intrinsically limited  

• Resolution for jets worse 
than for single hadrons  

• It is not sufficient to have 
the world best calorimeter 

!25

920 ZEUS Collaboration / Physics Letters B 718 (2013) 915–921

Fig. 2. The Mjets distribution of the data (a) after all selection criteria, except for the ηmax cut, (b)–(d) in several ηmax slices.

Fig. 3. The Mjets distribution and the fit result. The data are shown as points, and
the fitting result of signal + background (background component) is shown as solid
(dashed) line. The signal contribution is also indicated by the shaded area and
amounts to a total number of Nobs events. The error bars represent the approximate
Poissonian 68% CL intervals, calculated as ±

√
n + 0.25 + 0.5 for a given entry n.

with

f i =
!

Nref,i − Nobs,i + Nobs,i ln(Nobs,i/Nref,i) (if Nobs,i > 0)
Nref,i (if Nobs,i = 0).

The best combination of (a,b,ϵ) is found by minimising χ̃2. The
value of a after this optimisation gives the ratio between the ob-
served and expected cross section, i.e. σobs = aσSM. The maximum
and minimum values of a in the interval %χ̃2 < 1 define the range
of statistical uncertainty.

7. Systematic uncertainties

Several sources of systematic uncertainties were considered and
their impact on the measurement estimated.

• An uncertainty of 3% was assigned to the energy scale of the
jets and the effect on the acceptance correction was estimated
using the signal MC. The uncertainty on the Z 0 cross-section
measurement was estimated to be +2.1% and −1.7%.

• The uncertainty associated with the elastic and quasi-elastic
selection was considered. In a control sample of diffractive DIS
candidate events, the ηmax distribution of the MC agreed with
the data to within a shift of ηmax of 0.2 units [23]. Thus, the
ηmax threshold was changed in the signal MC by ±0.2, and
variations of the acceptance were calculated accordingly. The
uncertainty on the cross-section measurement was +6.4% and
−5.4%.

• The background shape uncertainty was estimated by using dif-
ferent slices of ηmax in the fit. The background shape was
obtained using only the regions of 4.0 < ηmax < 4.2 or 4.2 <
ηmax. The region of 3.0 < ηmax < 4.0 was not used since

35%√E 
for pions,  

6 GeV for Z
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« In a typical jet :   
s  60 % of jet energy in charged hadrons 
s  30 % in photons  (mainly from                  )                        
s  10 % in neutral hadrons (mainly      and        )

« Traditional calorimetric approach: 
s  Measure all components of jet energy in ECAL/HCAL ! 
s  ~70 % of energy measured in HCAL:  
s  Intrinsically “poor” HCAL resolution limits jet energy resolution

« Particle Flow Calorimetry paradigm: 
s  charged particles measured in tracker  (essentially perfectly) 
s  Photons in ECAL:                                     
s  Neutral hadrons (ONLY) in HCAL 
s  Only 10 % of jet energy from HCAL 

EJET = EECAL + EHCAL EJET = ETRACK + Eγ + En 

much improved resolution

n
π+

γ

Particle Flow Calorimetry

Mark Thomson
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Particle Flow Reconstruction

Mark Thomson

Reconstruction of a Particle Flow Calorimeter: 
« Avoid double counting of energy from same particle 
« Separate energy deposits from different particles

If these hits are clustered together with 
these, lose energy deposit from this neutral 
hadron (now part of track particle) and ruin  
energy measurement for this jet.

Level of mistakes, “confusion”, determines jet energy resolution 
        not the intrinsic calorimetric performance of ECAL/HCAL

e.g.

Three types of confusion: 
i) Photons ii) Neutral Hadrons iii) Fragments

Failure to resolve photon
Failure to resolve  
neutral hadron

Reconstruct fragment as 
separate neutral hadron

!27
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MC

Trends and Perspectives in Calorimetry

Understand particle flow 
performance

• Particle flow is always a gain 
– even at high jet energies 

• HCAL resolution does matter 
– also for confusion term 

• Leakage plays a role, too 
– but less than in the calo alone

ARTICLE IN PRESS

neutral hadrons being lost within charged hadron showers. For all
jet energies considered, fragments from charged hadrons, which
tend to be relatively low in energy, do not contribute significantly
to the jet energy resolution.

The numbers in Table 5 can be used to obtain an semi-
empirical parameterisation of the jet energy resolution:

rms90
E

¼
21ffiffiffi
E

p " 0:7" 0:004E" 2:1
E

100

" #0:3

%

where E is the jet energy in GeV. The four terms in the expression,
respectively, represent: the intrinsic calorimetric resolution;
imperfect tracking; leakage and confusion. This functional form
is shown in Fig. 10. It is worth noting that the predicted jet energy
resolutions for 375 and 500GeV jets are in good agreement with
those found for MC events (see Table 3); these data were not used
in the determination of the parameterisation of the jet energy
resolution.

For a significant range of the jet energies relevant for the ILC,
high granularity PFlow results in a jet energy resolution which is
roughly a factor two better than the best achieved at LEP
(sE=E¼ 6:8% at

ffiffi
s

p
¼MZ). The ILC jet energy goal of sE=Eo3:8%

is reached in the jet energy range 40–420GeV.
Fig. 10 also shows a parameterisation of the jet energy

resolution ðrms90Þ obtained from a simple sum of the total

calorimetric energy deposited in the ILD detector concept. The
degradation in energy resolution for high energy jets is due to
non-containment of hadronic showers. It is worth noting that
even for the highest energies jets considered, PFlow reconstruc-
tion significantly improves the resolution compared to the purely
calorimetric approach. The performance of PFlow calorimetry also
is compared to 50%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

p
" 3:0% which is intended to give an

indication of the resolution which might be achieved using a
traditional calorimetric approach. This parameterisation effec-
tively assumes an infinitely deep HCAL as it does not correctly
account for the effect of leakage (which is why it deviates
significantly from the ILD Calorimetric only curve at high
energies).

8. Dependence on hadron shower modelling

The results of the above studies rely on the accuracy of the MC
simulation in describing EM and hadronic showers. The Geant4
MC provides a good description of EM showers as has been
demonstrated in a series of test-beam experiments [27] using a
Silicon–Tungsten ECAL of the type assumed for the ILD detector

Table 5
The PFlow jet energy resolution obtained with PandoraPFA broken down into contributions from: intrinsic calorimeter resolution, imperfect tracking, leakage and
confusion.

Contribution Jet Energy Resolution rms90ðEjÞ=Ej

Ej ¼ 45GeV Ej ¼ 100GeV Ej ¼ 180GeV Ej ¼ 250GeV

Total (%) 3.7 2.9 3.0 3.1
Resolution (%) 3.0 2.0 1.6 1.3
Tracking (%) 1.2 0.7 0.8 0.8
Leakage (%) 0.1 0.5 0.8 1.0
Other (%) 0.6 0.5 0.9 1.0
Confusion (%) 1.7 1.8 2.1 2.3
(i) Confusion (photons) (%) 0.8 1.0 1.1 1.3
(ii) Confusion (neutral hadrons) (%) 0.9 1.3 1.7 1.8
(iii) Confusion (charged hadrons) (%) 1.2 0.7 0.5 0.2

The different confusion terms correspond to: (i) hits from photons which are lost in charged hadrons; (ii) hits from neutral hadrons that are lost in charged hadron clusters;
and (iii) hits from charged hadrons that are reconstructed as a neutral hadron cluster.
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Fig. 9. The contributions to the PFlow jet energy resolution obtained with
PandoraPFA as a function of energy. The total is (approximately) the quadrature
sum of the components.
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Fig. 10. The empirical functional form of the jet energy resolution obtained from
PFlow calorimetry (PandoraPFA and the ILD concept). The estimated contribution
from the confusion term only is shown (dotted). The dot-dashed curve shows a
parameterisation of the jet energy resolution obtained from the total calorimetric
energy deposition in the ILD detector. In addition, the dashed curve,
50%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

p
" 3:0%, is shown to give an indication of the resolution achievable

using a traditional calorimetric approach.

M.A. Thomson / Nuclear Instruments and Methods in Physics Research A 611 (2009) 25–4034
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neutral hadrons being lost within charged hadron showers. For all
jet energies considered, fragments from charged hadrons, which
tend to be relatively low in energy, do not contribute significantly
to the jet energy resolution.
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where E is the jet energy in GeV. The four terms in the expression,
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is shown in Fig. 10. It is worth noting that the predicted jet energy
resolutions for 375 and 500GeV jets are in good agreement with
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tively assumes an infinitely deep HCAL as it does not correctly
account for the effect of leakage (which is why it deviates
significantly from the ILD Calorimetric only curve at high
energies).

8. Dependence on hadron shower modelling

The results of the above studies rely on the accuracy of the MC
simulation in describing EM and hadronic showers. The Geant4
MC provides a good description of EM showers as has been
demonstrated in a series of test-beam experiments [27] using a
Silicon–Tungsten ECAL of the type assumed for the ILD detector

Table 5
The PFlow jet energy resolution obtained with PandoraPFA broken down into contributions from: intrinsic calorimeter resolution, imperfect tracking, leakage and
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Contribution Jet Energy Resolution rms90ðEjÞ=Ej

Ej ¼ 45GeV Ej ¼ 100GeV Ej ¼ 180GeV Ej ¼ 250GeV

Total (%) 3.7 2.9 3.0 3.1
Resolution (%) 3.0 2.0 1.6 1.3
Tracking (%) 1.2 0.7 0.8 0.8
Leakage (%) 0.1 0.5 0.8 1.0
Other (%) 0.6 0.5 0.9 1.0
Confusion (%) 1.7 1.8 2.1 2.3

(i) Confusion (photons) (%) 0.8 1.0 1.1 1.3
(ii) Confusion (neutral hadrons) (%) 0.9 1.3 1.7 1.8
(iii) Confusion (charged hadrons) (%) 1.2 0.7 0.5 0.2

The different confusion terms correspond to: (i) hits from photons which are lost in charged hadrons; (ii) hits from neutral hadrons that are lost in charged hadron clusters;
and (iii) hits from charged hadrons that are reconstructed as a neutral hadron cluster.
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Fig. 9. The contributions to the PFlow jet energy resolution obtained with
PandoraPFA as a function of energy. The total is (approximately) the quadrature
sum of the components.
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neutral hadrons being lost within charged hadron showers. For all
jet energies considered, fragments from charged hadrons, which
tend to be relatively low in energy, do not contribute significantly
to the jet energy resolution.

The numbers in Table 5 can be used to obtain an semi-
empirical parameterisation of the jet energy resolution:

rms90
E

¼
21ffiffiffi
E

p " 0:7" 0:004E" 2:1
E

100

" #0:3

%

where E is the jet energy in GeV. The four terms in the expression,
respectively, represent: the intrinsic calorimetric resolution;
imperfect tracking; leakage and confusion. This functional form
is shown in Fig. 10. It is worth noting that the predicted jet energy
resolutions for 375 and 500GeV jets are in good agreement with
those found for MC events (see Table 3); these data were not used
in the determination of the parameterisation of the jet energy
resolution.

For a significant range of the jet energies relevant for the ILC,
high granularity PFlow results in a jet energy resolution which is
roughly a factor two better than the best achieved at LEP
(sE=E¼ 6:8% at

ffiffi
s

p
¼MZ). The ILC jet energy goal of sE=Eo3:8%

is reached in the jet energy range 40–420GeV.
Fig. 10 also shows a parameterisation of the jet energy

resolution ðrms90Þ obtained from a simple sum of the total

calorimetric energy deposited in the ILD detector concept. The
degradation in energy resolution for high energy jets is due to
non-containment of hadronic showers. It is worth noting that
even for the highest energies jets considered, PFlow reconstruc-
tion significantly improves the resolution compared to the purely
calorimetric approach. The performance of PFlow calorimetry also
is compared to 50%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞ

p
" 3:0% which is intended to give an

indication of the resolution which might be achieved using a
traditional calorimetric approach. This parameterisation effec-
tively assumes an infinitely deep HCAL as it does not correctly
account for the effect of leakage (which is why it deviates
significantly from the ILD Calorimetric only curve at high
energies).

8. Dependence on hadron shower modelling

The results of the above studies rely on the accuracy of the MC
simulation in describing EM and hadronic showers. The Geant4
MC provides a good description of EM showers as has been
demonstrated in a series of test-beam experiments [27] using a
Silicon–Tungsten ECAL of the type assumed for the ILD detector

Table 5
The PFlow jet energy resolution obtained with PandoraPFA broken down into contributions from: intrinsic calorimeter resolution, imperfect tracking, leakage and
confusion.

Contribution Jet Energy Resolution rms90ðEjÞ=Ej

Ej ¼ 45GeV Ej ¼ 100GeV Ej ¼ 180GeV Ej ¼ 250GeV

Total (%) 3.7 2.9 3.0 3.1
Resolution (%) 3.0 2.0 1.6 1.3
Tracking (%) 1.2 0.7 0.8 0.8
Leakage (%) 0.1 0.5 0.8 1.0
Other (%) 0.6 0.5 0.9 1.0
Confusion (%) 1.7 1.8 2.1 2.3
(i) Confusion (photons) (%) 0.8 1.0 1.1 1.3
(ii) Confusion (neutral hadrons) (%) 0.9 1.3 1.7 1.8
(iii) Confusion (charged hadrons) (%) 1.2 0.7 0.5 0.2

The different confusion terms correspond to: (i) hits from photons which are lost in charged hadrons; (ii) hits from neutral hadrons that are lost in charged hadron clusters;
and (iii) hits from charged hadrons that are reconstructed as a neutral hadron cluster.
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" 3:0%, is shown to give an indication of the resolution achievable

using a traditional calorimetric approach.
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neutral hadrons being lost within charged hadron showers. For all
jet energies considered, fragments from charged hadrons, which
tend to be relatively low in energy, do not contribute significantly
to the jet energy resolution.
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where E is the jet energy in GeV. The four terms in the expression,
respectively, represent: the intrinsic calorimetric resolution;
imperfect tracking; leakage and confusion. This functional form
is shown in Fig. 10. It is worth noting that the predicted jet energy
resolutions for 375 and 500GeV jets are in good agreement with
those found for MC events (see Table 3); these data were not used
in the determination of the parameterisation of the jet energy
resolution.

For a significant range of the jet energies relevant for the ILC,
high granularity PFlow results in a jet energy resolution which is
roughly a factor two better than the best achieved at LEP
(sE=E¼ 6:8% at
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¼MZ). The ILC jet energy goal of sE=Eo3:8%

is reached in the jet energy range 40–420GeV.
Fig. 10 also shows a parameterisation of the jet energy

resolution ðrms90Þ obtained from a simple sum of the total

calorimetric energy deposited in the ILD detector concept. The
degradation in energy resolution for high energy jets is due to
non-containment of hadronic showers. It is worth noting that
even for the highest energies jets considered, PFlow reconstruc-
tion significantly improves the resolution compared to the purely
calorimetric approach. The performance of PFlow calorimetry also
is compared to 50%=
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" 3:0% which is intended to give an

indication of the resolution which might be achieved using a
traditional calorimetric approach. This parameterisation effec-
tively assumes an infinitely deep HCAL as it does not correctly
account for the effect of leakage (which is why it deviates
significantly from the ILD Calorimetric only curve at high
energies).

8. Dependence on hadron shower modelling

The results of the above studies rely on the accuracy of the MC
simulation in describing EM and hadronic showers. The Geant4
MC provides a good description of EM showers as has been
demonstrated in a series of test-beam experiments [27] using a
Silicon–Tungsten ECAL of the type assumed for the ILD detector

Table 5
The PFlow jet energy resolution obtained with PandoraPFA broken down into contributions from: intrinsic calorimeter resolution, imperfect tracking, leakage and
confusion.

Contribution Jet Energy Resolution rms90ðEjÞ=Ej

Ej ¼ 45GeV Ej ¼ 100GeV Ej ¼ 180GeV Ej ¼ 250GeV

Total (%) 3.7 2.9 3.0 3.1
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Tracking (%) 1.2 0.7 0.8 0.8
Leakage (%) 0.1 0.5 0.8 1.0
Other (%) 0.6 0.5 0.9 1.0
Confusion (%) 1.7 1.8 2.1 2.3

(i) Confusion (photons) (%) 0.8 1.0 1.1 1.3
(ii) Confusion (neutral hadrons) (%) 0.9 1.3 1.7 1.8
(iii) Confusion (charged hadrons) (%) 1.2 0.7 0.5 0.2

The different confusion terms correspond to: (i) hits from photons which are lost in charged hadrons; (ii) hits from neutral hadrons that are lost in charged hadron clusters;
and (iii) hits from charged hadrons that are reconstructed as a neutral hadron cluster.
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with the hope that a more correct clustering of the hits will be
found. This is implemented by passing the hits in the cluster and
the associated track(s) to the main clustering algorithm described
in Sections 4.3 and 4.4. The algorithm is applied repeatedly, using
successively smaller values of the parameters A and b, with the
aim of splitting the original cluster so that the track momentum
and associated cluster energy are compatible, as indicated in Fig.
5(a). In principle, completely different clustering algorithms could
be tried. In cases where no significant improvement in the w2

compatibility of the track and associated cluster is found, the
original cluster is retained.

In steps (vii) and (viii) of the topological clustering, described
in Section 4.4, the case where too little energy is associated with
the track is addressed. However, in a dense jet environment, the
neutral cluster which should be associated with a charged cluster
may itself be merged with another neutral cluster, as indicated in
Fig. 5(b). In such cases the reclustering procedure acts on the
combination of hits in the charged cluster associated to the track
and nearby neutral clusters.

4.6. Photon identification and recovery

A relatively sophisticated photon identification algorithm is
applied to the reconstructed clusters. The longitudinal profile of
the energy deposition, DEobs, as a function of number of radiation
lengths from the shower start, t, is compared to that expected [23]
for an EM shower:

DEEM ! E0
ðt=2Þa$1e$t=2

GðaÞ
t

where

a¼ 1:25þ
1
2

ln
E0

Ec

E0 is the shower energy and Ec is the critical energy, which is
chosen to give the appropriate average MC shower profile in the
ECAL. The level of agreement is parameterised by the sum over
samplings in radiation length of the fractional deviation of the
cluster profile compared the expectation for an EM shower:

d¼ 1
E0

X

i

jDEi
obs $ DEi

EMj:

This approach was preferred to a w2- based metric as it is less
sensitive to large local deviations which might arise from energy
deposits from other nearby particles. The quantity d is minimised
as a function of the assumed starting point of the shower, t0.
Hence the output of the shower shape algorithm is a measure of
the consistency with the expected EM shower profile, d, and the
starting depth of the shower in the ECAL, t0 (in radiation lengths).
These variables are used as the basis for identifying clusters as
photons. Transverse information is not used as this would make
the photon identification algorithm more sensitive to over-lapping
EM showers from very close photons.

4.6.1. Photon recovery
The compact nature of EM showers is utilised in an attempt to

identify photons which may have been merged into the cluster
associated with a hadronic shower. The transverse energy
distribution (ECAL only) of the reconstructed clusters is deter-
mined assuming that the cluster originates from the IP. A peak
finding algorithm attempts to identify localised energy deposi-
tions which are displaced from the associated track. If the
longitudinal energy profile in these regions is consistent with
being an EM shower, the relevant hits are removed from the
cluster and used to form a new cluster (assumed to be a photon).

Cases where removing the candidate photon would result in the
remaining cluster energy being inconsistent with the associated
track momentum are vetoed.

4.7. Fragment removal

At this late stage in PandoraPFA there are still a significant
number of ‘‘neutral clusters’’ (not identified as photons) which are
fragments of charged particle hadronic showers. An attempt is
made to identify these clusters and merge them with the
appropriate parent charged cluster. All non-photon neutral
clusters, i, are compared to all charged clusters, j. For each pair
of clusters a quantity, eij, is defined which encapsulates the
evidence that cluster i is a fragment from cluster j using the
following information: the number of calorimeter layers in which
the minimum distance between the hits in the two clusters are
separated by less than FragmentRemovalContactCut [2]
pixels; the fractions of the energy of cluster i within three narrow
cones defined by the first hadronic interaction in cluster j; the
minimum distance of the centroid within a layer of cluster i to the
fitted helix describing the track associated to cluster j; and the
minimum distance between any of the hits in the two clusters.
The requirement, Rij, for the clusters to be merged, i.e. the
cut on eij, depends on the location of the depth of the neutral
cluster in the calorimeter and the change in the w2 for the track-
cluster energy consistency that would occur if the clusters were
merged,

Dw2 ¼ ðp$ EjÞ2=s2
Ej
$ ðp$ Ej $ EiÞ2=s2

Eij
:

If eij4Rij the clusters are merged. This ad hoc procedure gives
extra weight to cases where the consistency of the track
momentum and associated cluster energy improves as a result
of merging the neutral cluster with the charged cluster.

4.8. Formation of particle flow objects

The final stage of PandoraPFA is to create Particle Flow Objects
(PFOs) from the results of the clustering. Tracks are matched to
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Fig. 6. PandoraPFA reconstruction of a 100 GeV jet in the MOKKA simulation of the
ILD detector. The different PFOs are shown by colour/grey-shade according to
energy.
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The study of the optimal HCAL thickness depends on the
possible use of the instrumented return yoke (the muon system)
to correct for leakage of high energy showers out of the rear of the
HCAL. The effectiveness of this approach is limited by the fact that,
for much of the polar angle, the muon system is behind the
relatively thick solenoid (2lI in the MOKKA simulation of the
detector). Nevertheless, to assess the possible impact of using the
muon detector as a ‘‘tail-catcher’’, the energy depositions in the
muon detectors were included in the PandoraPFA reconstruction.
Whilst the treatment could be improved upon, it provides an
indication of how much of the degradation in jet energy
resolution due to leakage can be recovered in this way. The
results are summarised in Fig. 11 which shows the jet energy
resolution obtained from PandoraPFA as a function of the HCAL
thickness. The effect of leakage is clearly visible, with about half of
the degradation in resolution being recovered when including the
muon detector information. For jet energies of 100 GeV or less,
leakage is not a major contributor to the jet energy resolution
provided the HCAL is approximately 4:7lI thick (38 layers).

However, for 180–250 GeV jets this is not sufficient; for leakage
not to contribute significantly to the jet energy resolution atffiffi

s
p
¼ 1 TeV, the results in Fig. 11 suggest that the HCAL thickness

should be between 5:526:0lI for an ILC detector.

9.4. Magnetic field versus detector radius

The LDCPrime model assumes a magnetic field of 3.5 T and an
ECAL inner radius of 1820 mm. A number of variations on these
parameters were studied: (i) variations in the ECAL inner radius
from 1280 to 2020 mm with B¼ 3:5 T; (ii) variations the B from 2.5
to 4.5 T with R¼ 1825 mm; and (iii) variations of both B and R. In
total 13 sets of parameters were considered spanning a wide range
of B and R. The parameters include those considered by the LDC, GLD
[35], and SiD [36] detector concept groups for the ILC. In each case
PFlow performance was evaluated for 45, 100, 180, and 500 GeV jets.

Fig. 12 shows the dependence of the jet energy resolution as a
function of: (a) magnetic field (fixed R) and (b) ECAL inner radius
(fixed B). For 45 GeV jets, the dependence of the jet energy
resolution on B and R is rather weak because, for these energies, it
is the intrinsic calorimetric energy resolution rather than the
confusion term that dominates. For higher energy jets, where the
confusion term dominates the resolution, the jet energy
resolution shows a stronger scaling with R compared to B.

The jet energy resolutions are reasonably well described by the
function:

rms90

E
¼

21ffiffiffi
E
p " 0:7" 0:004E

" 2:1
R

1825

" ##1:0 B
3:5

" ##0:3 E
100

" #0:3

%

where E is measured in GeV, B in Tesla, and R in mm. This is the
quadrature sum of four terms: (i) the estimated contribution to the
jet energy resolution from the intrinsic calorimetric resolution; (ii)
the contribution from track reconstruction; (iii) the contribution
from leakage; and (iv) the contribution from the confusion term
obtained empirically from a fit to the data of Fig. 12 and several
models where both B and R are varied [13]. In fitting the confusion
term, a power-law form, kBaRbEg, is assumed. This functional form
provides a reasonable parameterisation of the data; the majority of
the data points lie within 2s of the parameterisation.

These studies show that for the PandoraPFA algorithm, the
confusion term scales as approximately B0:3R, i.e. for good PFlow
performance a large detector radius is significantly more important

λI (HCAL)

E/
G

eV
rm

s 9
0/

0.2

0.4

0.6

  45 GeV Jets
100 GeV Jets
180 GeV Jets
250 GeV Jets

4 5 6 7 8

Fig. 11. Jet energy resolutions ðrms90Þ for the LDCPrime as a function of the
thickness (normal incidence) of the HCAL. In addition, the ECAL contributes 0:8lI .
Results are shown with (solid markers) and without (open markers) taking into
account energy depositions in the muon chambers. All results are based on
Z-uu;dd; ss with generated polar angle in the barrel region of the detector,
jcosyqq jo0:7.
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M.A. Thomson / Nuclear Instruments and Methods in Physics Research A 611 (2009) 25–4036



MC

Detectors for the ILC Felix Sefkow     Fukuoka, 6.11.2013 

Particle flow detector

!
• The Particle Flow approach drives the 

detector design 
– efficient tracking, pT, cos θ acceptance 
– large particle separation (B, R, z) 
– high calorimeter granularity 
– dense materials, compact design 

!29

ARTICLE IN PRESS

with the hope that a more correct clustering of the hits will be
found. This is implemented by passing the hits in the cluster and
the associated track(s) to the main clustering algorithm described
in Sections 4.3 and 4.4. The algorithm is applied repeatedly, using
successively smaller values of the parameters A and b, with the
aim of splitting the original cluster so that the track momentum
and associated cluster energy are compatible, as indicated in Fig.
5(a). In principle, completely different clustering algorithms could
be tried. In cases where no significant improvement in the w2

compatibility of the track and associated cluster is found, the
original cluster is retained.

In steps (vii) and (viii) of the topological clustering, described
in Section 4.4, the case where too little energy is associated with
the track is addressed. However, in a dense jet environment, the
neutral cluster which should be associated with a charged cluster
may itself be merged with another neutral cluster, as indicated in
Fig. 5(b). In such cases the reclustering procedure acts on the
combination of hits in the charged cluster associated to the track
and nearby neutral clusters.

4.6. Photon identification and recovery

A relatively sophisticated photon identification algorithm is
applied to the reconstructed clusters. The longitudinal profile of
the energy deposition, DEobs, as a function of number of radiation
lengths from the shower start, t, is compared to that expected [23]
for an EM shower:

DEEM ! E0
ðt=2Þa$1e$t=2

GðaÞ
t

where

a¼ 1:25þ
1
2

ln
E0

Ec

E0 is the shower energy and Ec is the critical energy, which is
chosen to give the appropriate average MC shower profile in the
ECAL. The level of agreement is parameterised by the sum over
samplings in radiation length of the fractional deviation of the
cluster profile compared the expectation for an EM shower:

d¼ 1
E0

X

i

jDEi
obs $ DEi

EMj:

This approach was preferred to a w2- based metric as it is less
sensitive to large local deviations which might arise from energy
deposits from other nearby particles. The quantity d is minimised
as a function of the assumed starting point of the shower, t0.
Hence the output of the shower shape algorithm is a measure of
the consistency with the expected EM shower profile, d, and the
starting depth of the shower in the ECAL, t0 (in radiation lengths).
These variables are used as the basis for identifying clusters as
photons. Transverse information is not used as this would make
the photon identification algorithm more sensitive to over-lapping
EM showers from very close photons.

4.6.1. Photon recovery
The compact nature of EM showers is utilised in an attempt to

identify photons which may have been merged into the cluster
associated with a hadronic shower. The transverse energy
distribution (ECAL only) of the reconstructed clusters is deter-
mined assuming that the cluster originates from the IP. A peak
finding algorithm attempts to identify localised energy deposi-
tions which are displaced from the associated track. If the
longitudinal energy profile in these regions is consistent with
being an EM shower, the relevant hits are removed from the
cluster and used to form a new cluster (assumed to be a photon).

Cases where removing the candidate photon would result in the
remaining cluster energy being inconsistent with the associated
track momentum are vetoed.

4.7. Fragment removal

At this late stage in PandoraPFA there are still a significant
number of ‘‘neutral clusters’’ (not identified as photons) which are
fragments of charged particle hadronic showers. An attempt is
made to identify these clusters and merge them with the
appropriate parent charged cluster. All non-photon neutral
clusters, i, are compared to all charged clusters, j. For each pair
of clusters a quantity, eij, is defined which encapsulates the
evidence that cluster i is a fragment from cluster j using the
following information: the number of calorimeter layers in which
the minimum distance between the hits in the two clusters are
separated by less than FragmentRemovalContactCut [2]
pixels; the fractions of the energy of cluster i within three narrow
cones defined by the first hadronic interaction in cluster j; the
minimum distance of the centroid within a layer of cluster i to the
fitted helix describing the track associated to cluster j; and the
minimum distance between any of the hits in the two clusters.
The requirement, Rij, for the clusters to be merged, i.e. the
cut on eij, depends on the location of the depth of the neutral
cluster in the calorimeter and the change in the w2 for the track-
cluster energy consistency that would occur if the clusters were
merged,

Dw2 ¼ ðp$ EjÞ2=s2
Ej
$ ðp$ Ej $ EiÞ2=s2

Eij
:

If eij4Rij the clusters are merged. This ad hoc procedure gives
extra weight to cases where the consistency of the track
momentum and associated cluster energy improves as a result
of merging the neutral cluster with the charged cluster.

4.8. Formation of particle flow objects

The final stage of PandoraPFA is to create Particle Flow Objects
(PFOs) from the results of the clustering. Tracks are matched to
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Fig. 6. PandoraPFA reconstruction of a 100 GeV jet in the MOKKA simulation of the
ILD detector. The different PFOs are shown by colour/grey-shade according to
energy.
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The study of the optimal HCAL thickness depends on the
possible use of the instrumented return yoke (the muon system)
to correct for leakage of high energy showers out of the rear of the
HCAL. The effectiveness of this approach is limited by the fact that,
for much of the polar angle, the muon system is behind the
relatively thick solenoid (2lI in the MOKKA simulation of the
detector). Nevertheless, to assess the possible impact of using the
muon detector as a ‘‘tail-catcher’’, the energy depositions in the
muon detectors were included in the PandoraPFA reconstruction.
Whilst the treatment could be improved upon, it provides an
indication of how much of the degradation in jet energy
resolution due to leakage can be recovered in this way. The
results are summarised in Fig. 11 which shows the jet energy
resolution obtained from PandoraPFA as a function of the HCAL
thickness. The effect of leakage is clearly visible, with about half of
the degradation in resolution being recovered when including the
muon detector information. For jet energies of 100 GeV or less,
leakage is not a major contributor to the jet energy resolution
provided the HCAL is approximately 4:7lI thick (38 layers).

However, for 180–250 GeV jets this is not sufficient; for leakage
not to contribute significantly to the jet energy resolution atffiffi

s
p
¼ 1 TeV, the results in Fig. 11 suggest that the HCAL thickness

should be between 5:526:0lI for an ILC detector.

9.4. Magnetic field versus detector radius

The LDCPrime model assumes a magnetic field of 3.5 T and an
ECAL inner radius of 1820 mm. A number of variations on these
parameters were studied: (i) variations in the ECAL inner radius
from 1280 to 2020 mm with B¼ 3:5 T; (ii) variations the B from 2.5
to 4.5 T with R¼ 1825 mm; and (iii) variations of both B and R. In
total 13 sets of parameters were considered spanning a wide range
of B and R. The parameters include those considered by the LDC, GLD
[35], and SiD [36] detector concept groups for the ILC. In each case
PFlow performance was evaluated for 45, 100, 180, and 500 GeV jets.

Fig. 12 shows the dependence of the jet energy resolution as a
function of: (a) magnetic field (fixed R) and (b) ECAL inner radius
(fixed B). For 45 GeV jets, the dependence of the jet energy
resolution on B and R is rather weak because, for these energies, it
is the intrinsic calorimetric energy resolution rather than the
confusion term that dominates. For higher energy jets, where the
confusion term dominates the resolution, the jet energy
resolution shows a stronger scaling with R compared to B.

The jet energy resolutions are reasonably well described by the
function:
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where E is measured in GeV, B in Tesla, and R in mm. This is the
quadrature sum of four terms: (i) the estimated contribution to the
jet energy resolution from the intrinsic calorimetric resolution; (ii)
the contribution from track reconstruction; (iii) the contribution
from leakage; and (iv) the contribution from the confusion term
obtained empirically from a fit to the data of Fig. 12 and several
models where both B and R are varied [13]. In fitting the confusion
term, a power-law form, kBaRbEg, is assumed. This functional form
provides a reasonable parameterisation of the data; the majority of
the data points lie within 2s of the parameterisation.

These studies show that for the PandoraPFA algorithm, the
confusion term scales as approximately B0:3R, i.e. for good PFlow
performance a large detector radius is significantly more important
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Fig. 11. Jet energy resolutions ðrms90Þ for the LDCPrime as a function of the
thickness (normal incidence) of the HCAL. In addition, the ECAL contributes 0:8lI .
Results are shown with (solid markers) and without (open markers) taking into
account energy depositions in the muon chambers. All results are based on
Z-uu;dd; ss with generated polar angle in the barrel region of the detector,
jcosyqq jo0:7.
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Fig. 12. (a) The dependence of the jet energy resolution ðrms90Þ on the magnetic field for a fixed ECAL inner radius and (b) the dependence of the jet energy resolution
ðrms90Þ on the ECAL inner radius a fixed value of the magnetic field. The resolutions are obtained from Z-uu;dd; ss decays at rest. The errors shown are statistical only.
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Two conceptual approaches

!
• Both are based on particle flow 
!

• ILD:  
• Radius is more important than 

magnetic field.   
• A TPC provides continuous tracking and 

superior pattern recognition.  
!

• SiD:  
• Radius is more expensive than 

magnetic field.  
• A Si tracker provides best momentum 

resolution and robustness to 
background.
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The study of the optimal HCAL thickness depends on the
possible use of the instrumented return yoke (the muon system)
to correct for leakage of high energy showers out of the rear of the
HCAL. The effectiveness of this approach is limited by the fact that,
for much of the polar angle, the muon system is behind the
relatively thick solenoid (2lI in the MOKKA simulation of the
detector). Nevertheless, to assess the possible impact of using the
muon detector as a ‘‘tail-catcher’’, the energy depositions in the
muon detectors were included in the PandoraPFA reconstruction.
Whilst the treatment could be improved upon, it provides an
indication of how much of the degradation in jet energy
resolution due to leakage can be recovered in this way. The
results are summarised in Fig. 11 which shows the jet energy
resolution obtained from PandoraPFA as a function of the HCAL
thickness. The effect of leakage is clearly visible, with about half of
the degradation in resolution being recovered when including the
muon detector information. For jet energies of 100 GeV or less,
leakage is not a major contributor to the jet energy resolution
provided the HCAL is approximately 4:7lI thick (38 layers).

However, for 180–250 GeV jets this is not sufficient; for leakage
not to contribute significantly to the jet energy resolution atffiffi

s
p
¼ 1 TeV, the results in Fig. 11 suggest that the HCAL thickness

should be between 5:526:0lI for an ILC detector.

9.4. Magnetic field versus detector radius

The LDCPrime model assumes a magnetic field of 3.5 T and an
ECAL inner radius of 1820 mm. A number of variations on these
parameters were studied: (i) variations in the ECAL inner radius
from 1280 to 2020 mm with B¼ 3:5 T; (ii) variations the B from 2.5
to 4.5 T with R¼ 1825 mm; and (iii) variations of both B and R. In
total 13 sets of parameters were considered spanning a wide range
of B and R. The parameters include those considered by the LDC, GLD
[35], and SiD [36] detector concept groups for the ILC. In each case
PFlow performance was evaluated for 45, 100, 180, and 500 GeV jets.

Fig. 12 shows the dependence of the jet energy resolution as a
function of: (a) magnetic field (fixed R) and (b) ECAL inner radius
(fixed B). For 45 GeV jets, the dependence of the jet energy
resolution on B and R is rather weak because, for these energies, it
is the intrinsic calorimetric energy resolution rather than the
confusion term that dominates. For higher energy jets, where the
confusion term dominates the resolution, the jet energy
resolution shows a stronger scaling with R compared to B.

The jet energy resolutions are reasonably well described by the
function:
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where E is measured in GeV, B in Tesla, and R in mm. This is the
quadrature sum of four terms: (i) the estimated contribution to the
jet energy resolution from the intrinsic calorimetric resolution; (ii)
the contribution from track reconstruction; (iii) the contribution
from leakage; and (iv) the contribution from the confusion term
obtained empirically from a fit to the data of Fig. 12 and several
models where both B and R are varied [13]. In fitting the confusion
term, a power-law form, kBaRbEg, is assumed. This functional form
provides a reasonable parameterisation of the data; the majority of
the data points lie within 2s of the parameterisation.

These studies show that for the PandoraPFA algorithm, the
confusion term scales as approximately B0:3R, i.e. for good PFlow
performance a large detector radius is significantly more important
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Fig. 11. Jet energy resolutions ðrms90Þ for the LDCPrime as a function of the
thickness (normal incidence) of the HCAL. In addition, the ECAL contributes 0:8lI .
Results are shown with (solid markers) and without (open markers) taking into
account energy depositions in the muon chambers. All results are based on
Z-uu;dd; ss with generated polar angle in the barrel region of the detector,
jcosyqq jo0:7.
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Fig. 12. (a) The dependence of the jet energy resolution ðrms90Þ on the magnetic field for a fixed ECAL inner radius and (b) the dependence of the jet energy resolution
ðrms90Þ on the ECAL inner radius a fixed value of the magnetic field. The resolutions are obtained from Z-uu;dd; ss decays at rest. The errors shown are statistical only.
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than a very high magnetic field. From the perspective of designing
a real PFlow detector, this scaling law should be taken into account
in a cost-driven optimisation of the detector parameters.

9.5. ECAL and HCAL design

The dependence of PFlow performance on the transverse
segmentation of the ECAL was studied using modified versions of
the LDCPrime model. The jet energy resolution is determined for
different ECAL Silicon pixel sizes; 5! 5 mm2, 10! 10 mm2,
20! 20 mm2, and 30! 30 mm2. The two main clustering para-
meters in the PandoraPFA algorithm were re-optimised for each
ECAL granularity. The PFlow performance results are summarised
in Fig. 13a. For 45 GeV jets, the dependence is relatively weak
since the confusion term is not the dominant contribution to the
resolution. For higher energy jets, a significant degradation in
performance is observed with increasing pixel size. Within the
context of the current reconstruction, the ECAL transverse
segmentations have to be at least as fine as 10! 10 mm2 to
meet the ILC jet energy requirement of sE=Eo3:8% for the jet
energies relevant at

ffiffi
s
p
¼ 1 TeV, with 5! 5 mm2 being preferred.

A similar study was performed for the HCAL. The jet energy
resolution obtained from PandoraPFA was investigated for HCAL
scintillator tile sizes of 1! 1 cm2, 3! 3 cm2, 5! 5 cm2 and
10! 10 cm2. The PFlow performance results are summarised in
Fig. 13b. From this study, it is concluded that the ILC jet energy
resolution goals can be achieved an HCAL transverse segmenta-
tion of 5! 5 cm2. For higher energy jets going to 3! 3 cm2 leads
to a significant improvement in resolution. From this study there
appears to be no significant motivation for 1! 1 cm2 granularity
over 3! 3 cm2. The results quoted here are for an analogue
scintillator tile calorimeter. The conclusions for a digital, e.g. RPC-
based, HCAL might be different.

9.6. Summary

Based on the above studies, the general features of a detector
designed for high granularity PFlow calorimetry are:

# ECAL and HCAL should be inside the solenoid.
# The detector radius should be as large as possible, the

confusion term scales approximately with the ECAL inner
radius as R$1.

# To fully exploit the potential of PFlow calorimetry the ECAL
transverse segmentation should be at least as fine as
5! 5 mm2.
# For the HCAL longitudinal segmentation considered here, there

is little advantage in transverse segmentation finer than
3! 3 cm2.
# The argument for a very high magnetic field is relatively weak

as the confusion term scales as B$0:3.

These studies, based on the PandoraPFA algorithm, motivated the
design of the ILD detector concept for the ILC as is discussed in
more detail in Chapter 2 of [13].

10. Particle flow for multi-TeV colliders

In this section the potential of PFlow Calorimetry at a multi-
TeV eþ e$ collider, such as CLIC [37], is considered. Before the
results from the LHC are known it is difficult to fully define the jet
energy requirements for a CLIC detector. However, if CLIC is built,
it is likely that the construction will be phased with initial
operation at ILC-like energies followed by high energy operation
at

ffiffi
s
p
& 3 TeV. It has been shown in this paper that PFlow

calorimetry is extremely powerful for ILC energies. Given that
the confusion term increases with energy, it is not a priori clear
that PFlow calorimetry is suitable for higher energies. This
question needs to be considered in the context of the possible
physics measurements where jet energy resolution is likely to be
important at

ffiffi
s
p
& 3 TeV. For example, the reconstruction of the jet

energies in eþ e$-qq events is unlikely to be interest. Assuming
the main physics processes of interest consist of final states with
between six and eight fermions, the likely relevant jet energies
will be in the range 375–500 GeV. To study the potential of the
PFlow calorimetry for these jet energies the ILD concept, which is
optimised for ILC energies, was modified; the HCAL thickness was
increased from 6lI to 8lI and the magnetic field was increased
from 3.5 to 4.0 T. The jet energy resolution obtained for jets from
Z-uu;dd; ss decays at rest are listed in Table 7. For high energy
jets, the effect of the increased HCAL thickness (the dominant
effect) and increased magnetic field is significant. Despite the
increased particle densities, the jet energy resolution ðrms90Þ for
500 GeV jets obtained from PFlow is 3.5%. This is equivalent to
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Fig. 13. (a) The dependence of the jet energy resolution ðrms90Þ on the ECAL transverse segmentation (Silicon pixel size) in the LDCPrime model and (b) the dependence of
the jet energy resolution ðrms90Þ on the HCAL transverse segmentation (scintillator tile size) in the LDCPrime model. The resolutions are obtained from Z-uu ;dd; ss decays
at rest. The errors shown are statistical only.
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INTRODUCTION

Given these tools, it is possible to choose what set of global parameters minimize the
cost of the detector for a desired jet energy resolution. Figure 1.3 shows an example. This
study, and a similar study based on jet energy resolutions for 100 GeV jets, lead to the choices
of R = 1.25m, B = 5T, and ∏ = 5 interaction lengths.

Figure 1.3: SiD cost vs radius. In the plot at left, the radius and B field are varied in such
a way that a fixed value of jet energy resolution, ¢E/E = 0.0378, is maintained. At right,
the radius and HCal depth, ∏, are varied. In both cases, Thomson’s parameterization of the
jet energy resolution for 180 GeV jets is used, along with the SiD costing model. The cost
optimal point in this case is near the SiD baseline, with R=1.25 m, B=5 T, and ∏=4.5.

This exercise can of course be repeated for a full range of jet energy resolutions, yielding
an optimal cost (and selection of R,B, ∏) for each jet energy resolution.

The final step is to use the cost vs. jet energy resolution and the physics performance vs.
jet energy resolution inputs, to see how errors in a measured physics quantity change as the
cost of the detector is varied. An example is shown in Figure 1.4. What performance is good
enough? Obviously, the detector performance must be adequate for making measurements to
the accuracy motivated by the physics. Once that is satisfied, it is desirable to pay as little
for such performance as possible. Ideally, the chosen design should sit near the “knee” of the
performance vs cost plot.

The parameters selected for the SiD baseline place SiD’s cost somewhat beyond the cost
vs performance “knee”; this fact reflects the existence of additional performance constraints
and some conservatism. The optimization process outlined above has been based solely on
jet energy resolution. Of course other detector characteristics must be optimized as well,
especially track momentum resolution and impact parameter resolution. The choice of B
= 5T does improve the jet energy resolution compared to choices of lower B, and it helps
to optimize the cost by making the detector compact, but it also provides superb track
momentum resolution. Furthermore, since it allows the smallest possible beam pipe radius
by constraining the orbits of beamstrahlung-produced e+e° pairs, it optimizes vertex detector
resolution as well. While less expensive detectors, with poorer jet energy resolution, may still
be adequate for ILC jet physics, their tracker radii are typically below the chosen value of
1.25 m. Such trackers would not deliver the desired tracking performance, so more compact

8 SiD Letter of Intent

ILC Environmental Concerns

Figure 1.4: Fractional error in the measurement of the triple Higgs coupling in SiD, as a
function of the cost of the detector. The SiD baseline is the point at $238M (ILC units),
slightly beyond the “knee”. Similar curves can be generated for other physics measurements.

designs have not been chosen. Technical uncertainties restrict the maximum B field to 5T
and the maximum R to 1.25 m in the case where B=5T.

The optimization process will be iterated in tandem with ongoing consideration of
improvements to the detector design.

1.5 ILC Environmental Concerns

The ILC beams comprise trains consisting of 2820 bunches, separated by 308ns; the train
repetition rate is 5 Hz. Consequently, the bunch trains are about one millisecond long, sepa-
rated by intervals of 199 milliseconds. The resulting machine backgrounds can be classified as
being either directly due to the beam collisions or non-collision-related. Events contributing
to the first category are:

• disrupted primary beam exiting the IP

• beamstrahlung photons

• e+e°-pairs from beam-beam interactions

• radiative Bhabha events

• hadrons or muons from ∞∞ interactions.

The second category is populated with events from:

SiD Letter of Intent 9

studies for LOI
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Chapter 1. ILD: Executive Summary

Figure III-1.2
Quadrant view of the
ILD detector concept.
The interaction point
is in the lower right
corner of the picture.
Dimensions are in mm.

1.1 ILD philosophy and challenges

The particle flow paradigm translates into a detector design which stresses the topological recon-
struction of events. A direct consequence of this is the need for a detector system which can separate
e�ciently charged and neutral particles, even inside jets. This emphazises the spatial resolution for
all detector systems. A highly granular calorimeter system is combined with a central tracker which
stresses redundancy and e�ciency. The whole system is immersed in a strong magnetic field of
3.5 T. In addition, e�cient reconstruction of secondary vertices and very good momentum resolution
for charged particles are essential for an ILC detector. An artistic view of the detector is shown in
Figure III-1.1, a vew of a quarter of the detector is seen in Figure III-1.2.

The interaction region of the ILC is designed to host two detectors, which can be moved in and
out of the beam position with a “push-pull” scheme. The mechanical design of ILD and the overall
integration of subdetectors takes these operational constraints into account.

The ILC is designed to investigate the mechanism of electroweak symmetry breaking. It will
allow the study of the newly found higgs-like particle at 126 GeV. It will search for and explore new
physics at energy scales up to 1 TeV. In addition, the collider will provide a wealth of information on
standard model (SM) physics, for example top physics, heavy flavour physics, and physics of the Z
and W bosons, as discussed earlier in this document. A typical event (tt̄ at 500 GeV) is shown in
Figure III-1.3. The requirements for a detector are, therefore, that multi-jet final states, typical for
many physics channels, can be reconstructed with high accuracy. The jet energy resolution should be
su�ciently good that the hadronic decays of the W and Z can be separated. This translates into a
jet energy resolution of ‡E/E ≥ 3 ≠ 4% (equivalent to 30%/

Ô
E at 100 GeV). Secondary vertices

which are relevant for many studies involving heavy flavours should be reconstructable with good
e�ciency and purity. Highly e�cient tracking is needed with large solid-angle coverage.

186 ILC Technical Design Report: Volume 4, Part III

1.2. Silicon-based Tracking

Figure II-1.2
SiD quadrant view.

the high magnetic field, makes for a very compact system, thereby minimising the size and costs of
the calorimetry.

To provide for a very robust track-finding performance the baseline choice for the vertex detector
is a sensor technology that provides time-stamping of each hit with su�cient precision to assign it to
a particular bunch crossing. This significantly suppresses backgrounds.

Several technologies are being developed. One of them is a CMOS-based monolithic pixel sensor
called Chronopixel. The main goal for the design is a pixel size of about 10 ◊ 10 µm2 with 99%
charged-particle e�ciency. Prototype devices have demonstrated that the concept works; what should
be a fully functional chip is presently under test. More challenging is the 3D vertical integrated silicon
technology, for which a full demonstration is also close.

Minimising the support material is critical to the development of a high-performance vertex
detector. Di�erent groups are studying an array of low-mass materials such as reticulated foams and
silicon-carbide materials. An alternative approach that is being pursued very actively is the embedding
of thinned, active sensors in ultra low-mass media. This line of R&D explores thinning active silicon
devices to such a thickness that the silicon becomes flexible. The devices can then be embedded in,
for example, Kapton structures, providing extreme versatility in designing and constructing a vertex
detector.

Power delivery must be accomplished without exceeding the material budget and over heating
the detector. The vertex detector design relies on power pulsing during bunch trains to minimise
heating and uses forced air for cooling.

Detectors: SiD Detailed Baseline Design ILC Technical Design Report: Volume 4, Part II 59

SiD

RECAL= 1843 mm 
AECAL= 2500 m2 

!
RCOIL= 3440 mm 
RTOT = 7555 mm 

!
B = 3.5 T 

MYOKE = 13.4 kt

RECAL= 1265 mm 
AECAL= 1200 m2 

!
RCOIL= 2591 mm 
RTOT = 6042 mm 

!
B = 5 T 

MYOKE = 8 kt
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4.7. ILD

illustrates the capability of the SiD to separate b-quarks also in the presence of the full beam
background.

Besides the detector performance, sophisticated reconstruction algorithms are necessary to obtain
a jet-energy resolution that allows the separation of hadronic W and Z decays. To avoid a bias from
possible tails, the rms90 value is computed to describe the energy or mass resolution of a particle-flow
algorithm. It is defined as the standard deviation of the distribution in the smallest range that
contains 90% of the events. Figure 4.4 (right) shows the mass resolution of reconstructed Z bosons
in e+e≠ æ ZZ events at di�erent collision energies, where one Z decays to neutrinos, the other to
two light quarks that give rise to two jets.

4.6.3 SiD costing

Figure 4.5
Subsystem M&S Costs
in million ILCU. The
error bars indicate the
subsystem contingency.
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The SiD cost estimate is a construction cost estimate; it does not include R&D, commissioning,
operating costs, or physicist salaries. The parametric model of the detector maintains a self-consistent
model of SiD. It is also straightforward to vary the SiD detector parameters. For each system, the
cost-driving component count is calculated. The model then estimates both M&S and labour costs
that are associated with the actual scale of SiD. Contingency is estimated for each quantity to estimate
the uncertainties in the costs of the detector components (see Fig. 4.5). A set of unit costs for some
basic commodity items, which has been agreed upon for ILC and CLIC detector cost estimates, is
used in the SiD and ILD cost estimates.

The SiD cost is 315 million ILCU for M&S, 316 thousand person-hours engineering, 904 thou-
sand person-hours technical, and 51 thousand person-hours administrative labour. The estimated
M&S contingency, reflecting uncertainty in unit costs and some estimate of the maturity of this study,
is 127 million ILCU.

4.7 ILD

The ILD concept has been designed as a multi-purpose detector. It has been designed for optimal
particle-flow (PFA) performance. A high-precision vertex detector is followed by a hybrid tracking
system, realised as a combination of silicon tracking with a time-projection chamber, and a calorimeter
system. The complete system is located inside a 3.5 T solenoid. The inner-detector system is highly
granular, and provides a robust and detailed three-dimensional imaging capability of the events. On
the outside of the coil, the iron return yoke is instrumented as a muon system and as a tail-catcher
calorimeter. The detector is shown in Fig. 4.6

Executive Summary ILC Technical Design Report: Volume 1 33
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5.4 COST

Table 5.4: Value estimate of the CLIC detectors.

CLIC_ILD CLIC_SiD
(MCHF) (MCHF)

Vertex 13 15
Tracker 51 17
Electromagnetic calorimeter 197 89
Hadronic calorimeter 144 86
Muon system 28 22
Coil and yoke 117 123
Other 11 12

Total (rounded) 560 360
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Fig. 5.9: Cost structure of the CLIC detectors.

5.4.7 Value Estimates and Cost Drivers of Detectors
The methodology for estimating the value of the CLIC detectors [5] is similar to that used for the ac-
celerator complex, based on work breakdown structures with more or less granularity1. The target for
uncertainty is also ±30%. There are however a few differences in the approaches, stemming from the
specificities of the detectors and their construction. The value of a detector depends critically on the unit
costs of a limited number of specific materials and commodities, for which fixed values have been agreed
for the estimate (see Annex C of [10]). The use of general industrial indices for escalation may then im-
perfectly reflect the real situation, particularly in case of large price variations in a particular commodity.
In addition, explicit labour has not been estimated for the detectors. However, based on the experience
with the ATLAS and CMS projects, the construction and testing efforts may be assumed at 500 FTE for
each year of construction of a CLIC detector. Finally, at the interface between detector and experimental
area, the mobile platforms carrying the detectors, the "anti-solenoids" for compensation of stray mag-
netic field and the proximity equipment associated with the final-focus quadrupoles are included in the

1The preliminary CLIC detector value estimated were extrapolated, for their major part, from the ILC Letter of Intent (LoI)
cost estimates, taking the significant changes (technology, dimensions) for CLIC into account and using modified unit costs.
Therefore they cannot be directly compared with the ILC estimates.
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scintillator technology, using extruded scintillator readout with wavelength-shifting fibre and SiPMs.
Simulation studies have shown that nine or more layers of sensitive detectors yield adequate energy
measurements and good muon-detection e�ciency and purity.

4.6.2 SiD detector performance

A large fraction of the software for the generation, simulation and reconstruction is shared between
the detector concepts. The SiD detector is fully implemented and simulated using SLIC, which
is based on Geant4. The background originating from incoherent pair interactions and from
�� æ hadrons for one bunch crossing is fully taken into account by the simulation. The events
are then passed through the reconstruction software suite, which encompasses digitisation, tracking,
vertexing and the Pandora PFA algorithm. The material budget of the simulated tracker and the
simulated tracking performance for single particles are shown in Fig. 4.3.
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The material budget of the entire tracking system is less than 0.2 X0 down to very low angles. The
current design achieves an asymptotic momentum resolution of ”(1/pT) = 1.46 ◊ 10≠5 (GeV/c)≠1

and an transverse impact parameter resolution better than 2 µm. The ability to tag bottom and charm
decays with high purity has been a driving factor in the design of the vertex detector. Figure 4.4 (left)
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For many physics studies the tagging of long-lived particles is of key importance. The ability of ILD
to reconstruct displaced vertices is shown in Fig. 4.8 (right).

Calorimeter system and tracking system enter into the particle flow performance together. The
performance of the ILD detector for di�erent energies and as a function of the polar angle is shown
in Fig. 4.9. The jet-energy resolution stays below 4% for nearly the full solid angle, and is nearly
independent of the centre-of-mass energy.

Figure 4.9
Fractional jet-energy resolution
plotted against | cos ◊| where ◊ is
the polar angle of the thrust axis of
the event.
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4.7.3 ILD costing

A significant e�ort has been undertaken to evaluate the cost of the ILD concept. In most cases the
prototypes constructed over the past few years have given important input to validate the costs, and to
provide guidance towards large-scale production of detector components. For the most relevant items
the estimates are based on quotes from manufactures, and are often based on extensive discussions.

Depending on the option chosen, the cost of the ILD concept varies between 350 and 440 mil-
lion ILCU. This cost does not include labour, or any contingency.

The distribution of costs among the di�erent ILD systems is shown in Fig. 4.10 as a fraction
of the total cost of the detector. As basis for this plot an average cost of the ILD concept of
392 million ILCU was used.
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Calorimeter system and tracking system enter into the particle flow performance together. The
performance of the ILD detector for di�erent energies and as a function of the polar angle is shown
in Fig. 4.9. The jet-energy resolution stays below 4% for nearly the full solid angle, and is nearly
independent of the centre-of-mass energy.
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A significant e�ort has been undertaken to evaluate the cost of the ILD concept. In most cases the
prototypes constructed over the past few years have given important input to validate the costs, and to
provide guidance towards large-scale production of detector components. For the most relevant items
the estimates are based on quotes from manufactures, and are often based on extensive discussions.

Depending on the option chosen, the cost of the ILD concept varies between 350 and 440 mil-
lion ILCU. This cost does not include labour, or any contingency.

The distribution of costs among the di�erent ILD systems is shown in Fig. 4.10 as a fraction
of the total cost of the detector. As basis for this plot an average cost of the ILD concept of
392 million ILCU was used.
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10.6. Detector Performance

10.6.3 Energy and Mass Resolution

The design of the SiD detector concept has been optimised for jet energy resolution using the particle
flow approach. This puts stringent requirements on the interplay of the various subdetectors and has
led to the choice of calorimeters with a high degree of segmentation and transverse granularity. In
addition, sophisticated reconstruction algorithms are necessary to obtain a jet energy resolution that
allows to separate W and Z decays.

Figure II-10.11 (left) shows the PFA jet energy resolution without the e�ects from jet finding
or background. To avoid a bias from possible tails, the rms90 value is computed to describe the
energy or mass resolution of a particle flow algorithm. It is defined as the standard deviation of the
distribution in the smallest range that contains 90% of the events. The events consist of ZÕ bosons of
di�erent masses decaying at rest to a pair of light quark jets. In these events the jet energy resolution
is computed as the event energy resolution times

Ô
2, and the jet energy is half of

Ô
s of the process.

Figure II-10.11
Left: Energy resolu-
tion of reconstructed
Z

Õ events of di�erent
masses decaying at
rest to a pair of light
quark jets. Right: Mass
resolution of recon-
structed ZZ events
with and without the
backgrounds at di�er-
ent values of

Ô
s. In

these events, one Z

boson decays invisibly
and the other to a pair
of jets.
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Figure II-10.11 (right) shows the mass resolution of reconstructed Z bosons in e+e≠ æ ZZ
events at di�erent collision energies, where one Z decays to neutrinos, the other to two light quarks
that give rise to two jets. The events have been clustered into two jets using the kt algorithm as
implemented in the FastJet [175] package. The jets are combined to form a Z boson.

The value at each point in Figure II-10.11 (right) is computed as rms90(M)/M and given in per
cent. The error bars indicate the error of the rms90 value of the distribution at each point. The
addition of background from gg æ hadrons events and incoherent pairs results in only a minor change
in resolution in these events. The di�erence can be explained by the additional background energy
in the reconstructed jets balancing the small reconstruction bias towards lower energies in events
without background.

Figure II-10.12
Comparison of the
distributions of the
reconstructed Z mass
in ZZ events at

Ô
s

=250 GeV with and
without background
(left) and at two dif-
ferent values of

Ô
s

without background
(right). In these events
one Z decays invisibly
and the other to a pair
of jets.
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Figure II-10.12 (left) shows a comparison of the distributions of the reconstructed Z mass in ZZ
events simulated with and without background at

Ô
s =250 GeV. The e�ect of the background on

the reconstructed mass at these energies is partially mitigated by the jet clustering. Figure II-10.12
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11.4. Benchmarking Summary

Table II-11.17. Summary of the SiD benchmarking results. The LOI Higgs results were obtained assuming a po-
larisation of P(e

≠) = +80%, P(e

+) = -30% while the the total luminosity was equally divided between P(e

≠) =
û80%, P(e

+) = ±30% for the LOI tt and t+t≠ results. The tth and W

+

W

≠ results assume P(e

≠) = -80%,
P(e+) = +20% for half of the integrated luminosity and P(e

≠) = +80%, P(e+) = -20% for the other half. For the
n
e

n
e

h studies only P(e

≠) = -80%, P(e+) = +20% was considered. The DBD tt analysis assumes both P(e

≠) =
û80%, P(e+) = ±30%.
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Similarly, good signal-to-noise was achieved by the application of the BeamCal veto for the
benchmark points B’, C’, and G’, where the mass di�erence between ·̃± and ‰̃0

1

is about 10 GeV,
while the ·̃± signal was not strong enough for mass measurements for the benchmark points D’ and
I’, where the mass di�erence is about 5 GeV.

11.4 Benchmarking Summary

A large set of benchmarks have been conducted with the SiD detector using both simulations of the
LOI and the more detailed DBD detector variants. They illustrate the detector performance of the
SiD concept for centre-of-mass energies in the range from 250 GeV up to 1 TeV. All results obtained
have been summarised in Table II-11.17.
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6.2. ILD physics performance at 250 and 500 GeV

Table III-6.2. A summary of the main physics benchmark measurements presented in the ILD LOI and [385].
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Figure III-6.6. Results of the model independent analysis of the Higgs-strahlung process e

+

e

≠ æ hZ in which a)
Z æ µ+µ≠ and b) Z æ e

+

e

≠ (including the reconstruction of bremsstrahlung and FSR photons). The results are
shown are for the P (e+, e≠

) = (+30 %, ≠80 %) beam polarisation.
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11.4. Benchmarking Summary

Table II-11.17. Summary of the SiD benchmarking results. The LOI Higgs results were obtained assuming a po-
larisation of P(e

≠) = +80%, P(e

+) = -30% while the the total luminosity was equally divided between P(e

≠) =
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+) = ±30% for the LOI tt and t+t≠ results. The tth and W
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≠) = -80%,
P(e+) = +20% for half of the integrated luminosity and P(e
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Similarly, good signal-to-noise was achieved by the application of the BeamCal veto for the
benchmark points B’, C’, and G’, where the mass di�erence between ·̃± and ‰̃0

1

is about 10 GeV,
while the ·̃± signal was not strong enough for mass measurements for the benchmark points D’ and
I’, where the mass di�erence is about 5 GeV.

11.4 Benchmarking Summary

A large set of benchmarks have been conducted with the SiD detector using both simulations of the
LOI and the more detailed DBD detector variants. They illustrate the detector performance of the
SiD concept for centre-of-mass energies in the range from 250 GeV up to 1 TeV. All results obtained
have been summarised in Table II-11.17.
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Figure III-6.6. Results of the model independent analysis of the Higgs-strahlung process e
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≠ æ hZ in which a)
Z æ µ+µ≠ and b) Z æ e
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(e“ æ ‹qq̄) and other decay channels of the Higgs. The relative measurement error on ‡·BR was
evaluated by

Ô
Ns+NBG

Ns
, where Ns(NBG) is the number of signal (background) events in the signal

region.
The h æ µ+µ≠ channel, due to its very low branching-ratio was only studied in the DBD

P≠80,+20

sample where the Higgs production cross section is larger. The main backgrounds are
e≠e+ æ ‹‹µ≠µ+ and ““ æ ‹‹¸≠¸+. Events with two reconstructed high momentum isolated tracks
were selected, provided that the two tracks were identified as muons. The invariant mass of the
di-muon system was required to be between 95 and 155 GeV, and its energy to be lower than 400
GeV. Fully leptonic events were selected by requiring low multiplicity and high missing energy. The
di-· background was reduced by requiring that the significance of the impact parameters should be
small. The signal e�ciency at this pre-selection stage was found to be 81.1 %. Further cuts on
missing energy and transverse momentum, the minimum angle to the beam-axis of the muons and on
energy detected in the very forward calorimeter were applied. The final signal e�ciency after all cuts
was 37.0 %.

Figure III-6.12 shows the reconstructed di-muon mass of h æ µ+µ≠. After the final selection
was applied, the resulting invariant mass distributions for the background and the signal were fitted
individually. Those fits were used to generate mass-distributions for 5000 pseudo-experiments,
assuming L = 500 or 1000 fb≠1 with P≠80,+20

. The signal and background was fitted to each of
the pseudo-experiments, and the distribution of the fit-results was used to evaluate the statistical
accuracy of ‡·BR.

The statistical uncertainties for all studied decay-modes are summarised in Table III-6.5 separately
for the P≠80,+20

and P
+80,≠20

DBD samples. In addition, the obtainable precisions assuming the full
1 ab≠1 sample was collected with P≠80,+20

are given.

Table III-6.5
Summary of the ac-
curacies of (‡ · Br)
at

Ô
s = 1 TeV. The

shown values corre-
spond to statistical
errors only.

L 500 fb

≠1

1 ab

≠1

Beam polarisation P≠80,+20

P
+80,≠20

P≠80,+20

�‡BR/‡BR(h æ b

¯

b) 0.54% 2.1% 0.39%
�‡BR/‡BR(h æ cc̄) 5.7% 36.8% 3.9%
�‡BR/‡BR(h æ gg) 3.9% 25.7% 2.8%
�‡BR/‡BR(h æ WW

ú æ 4j) 3.6% 23.7% 2.5%
�‡BR/‡BR(h æ µ+µ≠

) 41% - 31%

Figure III-6.12
Reconstructed di-muon
mass distribution of
h æ µ+µ≠ in the DBD
P≠80,+20

sample.
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Detector concepts

!
• ILD and SiD followed different approaches.  

– ILD is larger and better 
– SiD is smaller and cheaper 
!

• Both deliver precision physics 
– performance quite similar 
!

• Open issue:  
• Particle flow drives the design and the cost 

– but under-exposed in physics benchmarks 

!39
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Towards detectors

• Main open issues:  
!

• Can SiD be built? 
– compact ECAL 
– light-weight tracker 
!
!
!

• Can ILD be paid?  
– calorimeters  
– yoke

!40

Chapter 1
ILD: Executive Summary

The International Large Detector (ILD) is a concept for a detector at the International Linear Collider,
ILC [198]. In a slightly modified version, it has also been proposed for the CLIC linear collider [199].

The ILD detector concept has been optimised with a clear view on precision. In recent years
the concept of particle flow has been shown to deliver the best possible overall event reconstruction.
Particle flow implies that all particles in an event, charged and neutral, are individually reconstructed.
This requirement has a large impact on the design of the detector, and has played a central role in
the optimisation of the system. Superb tracking capabilities and outstanding detection of secondary
vertices are other important aspects. Care has been taken to design a hermetic detector, both in
terms of solid-angle coverage, but also in terms of avoiding cracks and non-uniformities in response.
The overall detector system has undergone a vigorous optimisation procedure based on extensive
simulation studies both of the performance of the subsystems, and on studies of the physics reach
of the detector. Simulations are accompanied by an extensive testing program of components and
prototypes in laboratory and test-beam experiments.

Figure III-1.1
View of the ILD detec-
tor concept.

The ILD detector concept has been described in a number of documents in the past. Most
recently the letter of intent [198] gave a fairly in depth description of the ILD concept. The ILD
concept is based on the earlier GLD and LDC detector concepts [200, 201, 202]. Since the publication
of the letter of intent, major progress has been made in the maturity of the technologies proposed for
ILD, and their integration into a coherent detector concept.

185

Chapter 1
SiD Concept Overview

1.1 SiD Philosophy

SiD [63] is a general-purpose detector designed to perform precision measurements at a Linear Collider.
It satisfies the challenging detector requirements that are described in the Common Section. SiD is
based on the PFA paradigm, an algorithm by which the reconstruction of both charged and neutral
particles is accomplished by an optimised combination of tracking and calorimetry. The net result
is a significantly more precise jet energy measurement that results in a di-jet mass resolution good
enough to distinguish between W and Z hadronic decays.

SiD (Figures II-1.1, II-1.2) is a compact detector based on a powerful silicon pixel vertex
detector, silicon tracking, silicon-tungsten electromagnetic calorimetry (ECAL) and highly segmented
hadronic calorimetry (HCAL). SiD also incorporates a high-field solenoid, iron flux return, and a muon
identification system. The use of silicon sensors in the vertex, tracking and calorimetry enables a
unique integrated tracking system ideally suited to particle flow.

Figure II-1.1
SiD on its platform,
showing tracking (red),
ECAL (green), HCAL
(violet) and flux return
(blue).

The choice of silicon detectors for tracking and vertexing ensures that SiD is robust with respect
to beam backgrounds or beam loss, provides superior charged particle momentum resolution, and
eliminates out-of-time tracks and backgrounds. The main tracking detector and calorimeters are
“live” only during each single bunch crossing, so beam-related backgrounds and low-p

T

backgrounds
from gg processes will be reduced to the minimum possible levels. The SiD calorimetry is optimised
for excellent jet energy measurement using the PFA technique. The complete tracking and calorimeter
systems are contained within a superconducting solenoid, which has a 5 T field strength, enabling the
overall compact design. The coil is located within a layered iron structure that returns the magnetic
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SiD ECAL

• SiD made some ambitious design 
choices 
– most compact ECAL 

• smallest RMoliere 
– most light-weight Silicon tracker  
– both based on KPiX chip (1024 ch) 
– directly bonded to wafer 

• ECAL: no PCB 
– 1.1 mm thin active gap

!41

July 2013 
9 layers in the beam  

at SLAC End Station A 
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SiD Main Tracker

• Si strip module protoytype 
– 2 KPiX per module 
– power pulsing 
– no PCB or hybrid 
– will benefit from ECAL interconnect 

solution 
• Mechanical structure 

– based on D0 CFT and ATLAS STC 
– both were prototyped 
!

• Mechanical supports, cabling, optical 
transceivers included in simulations 
and quoted material budget 

• Detailed simulation of charge 
deposition, Lorentz drift, diffusion, 
and charge sharing between 
adjacent strips/pixels

!42

Bonding  
arrays

sensor  
bias

Richard Partridge 4

Realistic Detector Geometry
� Blow-up of vertex detector showing hits on planar sensors
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ILD ECAL

• 2500 m2 sensor area: main cost 
driver 

• work with industry on unit cost 
• re-visit optimisation with new 

degrees of freedom 
– hybrid scintillator silicon 

transition 
– variable transverse segmentation 
– vary sampling (no of layers) 
– account for inter-calibration 

• strip alternative

!43

J. S. Marshall ECAL Simulation Studies

Two Granularity & Layer Reduction

24

• Finally, study ECAL layer reduction in the context of a two granularity model. The W absorber 
thicknesses remain as described on slide 21, but the transverse granularities are:

30 layers 10L(5x5mm2) + 20L(15x15mm2)

26 layers   9L(5x5mm2) + 17L(15x15mm2)

20 layers   7L(5x5mm2) + 13L(15x15mm2)

16 layers   6L(5x5mm2) + 10L(15x15mm2)

• Maintain roughly constant fraction of total 
layers with 5x5mm2 granularity.

• As expected, resolutions flat wrt layer 
number at high Ej; performance closer to 
constant 5x5mm2 than 15x15mm2.

Sampling counts at low energy 
(resolution) 

Granularity counts at high energy 
(confusion) 

Mostly in first 1/3 of layers  
(photon-hadron separation)

21

A lot of recent progress on Pandora calibration and 
Strip Splitting Algorithm for Scintillator ECAL

P
F

A
 g

o
a

l

ScECAL 5x45 mm2 strips (SSA)
ScECAL 5x5 mm2 cells
SiW ECAL 5x5 mm2 cells

Very encouraging

Some effects still to be   
 included in simulation:
   - Non-uniform 
      strip response
   - MPPC saturation

John Marshal

Daniel Jeans

5x5 + 15x15 
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More on ECAL optimisation

• First section technology choice technically driven 
• Divison layer: 10-15, no improvement >15, even at 250 GeV

!44

J. S. Marshall ECAL Simulation Studies

First Granularity Region: Si or Sc?

20

y

x-y view

x

• Unlikely that 5x5mm2 region of the ECAL 
would consist of Sc tiles; Si more likely.

• Therefore want to answer a question:  
How does performance change if we 
switch the first detector region to Si?

• Si only 0.5mm thick, whilst Sc is 2.0mm 
thick, so there is an expected discontinuity 
in the typical shower width. 

• First hybrid models examined so far: care 
required with digitisation and calibration.

Typical 10GeV 
photon display:

10L(5x5mm2 Si) +
10L(15x15mm2 Sc) +
10L(30x30mm2 Sc)

• Compare jet energy resolutions obtained 
using full Sc models with those for models 
using Si in the first 10 layers.

• Performance very similar; no evidence of 
problems.  Some sign of improvements, 
maybe due to reduced shower widths.

J. S. Marshall ECAL Simulation Studies

Two Granularity Regions

18

250 GeV Jets 250 GeV Jets

• Fix jet energy at 250 GeV and examine resolutions 
obtained with newly-trained standalone photon alg.

• Plot resolution vs. second cell size and vs. dividing layer. 
Note: second cell size of 5mm and dividing layer of 30 
both correspond to a uniform 5x5mm2 ECAL.

• Second cell size of 15mm and dividing layer of 10 is 
most aggressive configuration for which photon 
confusion remains less than neutral hadron confusion.

Second Cell 
Size: 15mm
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ILD yoke

• Second peak in cost 
spectrum 
– scales with mass of steel 

• Driven by shielding 
requirement  
– < 50 G @ 15 m 

• Revise ILD SiD accord? 
• New calculations with 

smaller yoke 
– cost savings seem possible 
– understand precision 
!

• Just an example

!45

ILD Magnetic Field Simulations

• Other options:

• smaller yoke with 4T field (left) and 3.5T field (right)CST EM STUDIO 09/12/2013  - 12:45

File: G:\ILD\ild_12\12_2_2_platen_schlitzdicht_kurz_3,5t_2009.cst

CST EM STUDIO 09/12/2013  - 12:45

File: G:\ILD\ild_12\12_2_2_platen_schlitzdicht_kurz_3,5t_2009.cst

CST EM STUDIO 09/17/2013  - 10:19

File: G:\ILD\ild_12\12_2_2_platen_schlitzdicht_kurz_4t_2009.cst

CST EM STUDIO 09/17/2013  - 10:19

File: G:\ILD\ild_12\12_2_2_platen_schlitzdicht_kurz_4t_2009.cst

A. Petrov

K.Büßer, A. Petrov

Text
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Open issues: 

!
• Many more which I had no time to cover 

– e.g: ILD prototyping, SiD optimisation 
!

• While the ILC approaches reality... 
• ... detectors need to get realistic, too 

– engineering, prototyping, cost 
!

• For all this: we need a time line

!46
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MC

Scintillator HCAL Felix Sefkow    SiD Meeting, 14.-16. October 2013 

AHCAL physics prototype

• Constructed in 2005-06: first 
device using SiPMs at large scale 

• Now many followers: T2K, Belle2, 
CMS, medical applications,... 
!

• Extremely robust: 6 years of data 
taking 
– 2006-7 CERN: Fe with SiW ECAL 
– 2008-9 FNAL: Fe with Si/Sci ECAL 
– 2010-11 CERN: Tungsten

!48

3x3cm2

1m2

1mm2

SiPM

7608 channels 
38 layers 
Fe & W

Many	  trips	  with	  disassembly	  &	  reassembly	  of	  the	  calorimeter: Many	  trips	  with	  disassembly	  &	  reassembly	  of	  the	  calorimeter: Many	  trips	  with	  disassembly	  &	  reassembly	  of	  the	  calorimeter: 

Many	  trips	  with	  disassembly	  &	  reassembly	  of	  the	  
calorimeter: 
DESY	  -‐	  CERN	  -‐	  DESY	  -‐	  FNAL	  -‐	  DESY	  -‐	  CERN	  PS	  -‐	  CERN	  SPS	  
...	  and	  the	  SiPMs	  survived	  without	  problems!



MC

Detectors for the ILC Felix Sefkow     Fukuoka, 6.11.2013 

MC

Scintillator HCAL Felix Sefkow    SiD Meeting, 14.-16. October 2013 

Validation of Simulation 

• Validation with first generation prototype  
• Published

!49

2011 JINST 6 P04003
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Figure 13. Energy resolution of the AHCAL for positrons (dots). The resolution agrees with that of a
previous prototype (full triangles) with the same sampling structure. The errors are the quadratic sum of
statistics and systematic uncertainties. The open triangles are the obtained from the analysis of the digitized
simulated events. Fit curves to the data and MC are shown in the region 10–50GeV. The dashed line is the
extrapolation of the fit to AHCAL data in the low energy region covered by the MiniCal data.

5.4 Shower profiles

The longitudinal profile of a shower induced by a particle with incident energy E in GeV traversing
a matter depth t can be described as [23]

f (t) =
dE
dt

= atω · e−bt , (5.3)

where the parameter a is an overall normalization, and the parameters ω and b are energy and
material-dependent. The first term represents the fast shower rise, in which particle multiplication is
ongoing, and the second term parametrizes the exponential shower decay. Given this parametriza-
tion with t in units of radiation lengths, the particle multiplication and the energy deposition reach
their maximum after

tmax =

!

ln
E
εc

−0.5
"

(5.4)

radiation lengths from the beginning of the cascade of a particle with energy E . The critical energy,
εc is a property of the calorimeter material and does not depend of the energy of the particle. The
position tmax is called the shower maximum.

The mean longitudinal profile of a 10GeV positron shower is shown in the left plot of fig-
ure 14. Due to the high longitudinal segmentation of the AHCAL, the shower rise, maximum and
decay are clearly visible. Data and simulation are in qualitatively good agreement. To quantify this
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Figure 13. Energy resolution for pions with local (a) and global (b) software compensation comparing data
and simulations. For both data and simulations compensation parameters derived from data are used. The
curves show fits using equation (2.2). The fit results for the local software compensation are (44.3±0.3)%,
(42.3±0.2)% and (40.4±0.3)% for the stochastic term, with constant terms of (1.8±0.2)%, (2.5±0.1)%
and (3.4±0.1)% for data, QGSP BERT and FTF BIC, respectively. For the global software compensation,
the results are (45.8±0.3)%, (43.6±0.2)% and (43.4±0.3)% for the stochastic term, with constant terms
of (1.6±0.2)%, (0.0±0.2)% and (1.1±0.2)% for data, QGSP BERT and FTF BIC, respectively.

Table 3. Fit results using the function given in equation (2.2) for simulations with and without software
compensation, compared to the corresponding values for data.

a [%] b [%] c [GeV]

uncorrected data 57.6±0.4 1.6±0.3 0.18

uncorrected QGSP BERT 51.8±0.3 4.0±0.1 0.18

uncorrected FTF BIC 49.4±0.3 6.1±0.1 0.18

local compensation data 44.3±0.3 1.8±0.2 0.18

local compensation QGSP BERT 42.3±0.2 2.5±0.1 0.18

local compensation FTF BIC 40.4±0.3 3.4±0.1 0.18

global compensation data 45.8±0.3 1.6±0.2 0.18

global compensation QGSP BERT 43.6±0.2 0.0±0.2 0.18

global compensation FTF BIC 43.4±0.3 1.1±0.2 0.18

The relative improvement in resolution compared to the uncorrected energy resolution is
shown in figure 14 for data and simulations. For the local software compensation, the improve-
ment with respect to energy observed in data is well reproduced by the QGSP BERT physics list.
For FTF BIC, a considerably bigger improvement is seen for the simulations at high energy than is
seen in data. This higher improvement at high energies results in the better agreement of the energy
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Figure 2. Event display of a typical hadronic shower in the CALICE AHCAL initiated by a negative pion
with an energy of 60 GeV. The identified minimum-ionising track segments are highlighted in red. The
beam enters from the lower left, indicated by the black arrow.

2 Track-finding

The tracking algorithm used here consists of two stages. The first stage is the identification of
track candidates in a layer by layer search using a nearest neighbour algorithm. In a second stage,
these candidates are passed through a filtering algorithm based on a Hough transformation to re-
move inconsistent hits such as noise hits and hits not due to energy depositions from the tracked
minimum-ionising particle.

2.1 The tracking algorithm

For the track finding, the coordinate system is defined as indicated in figure 4, with the z-axis given
by the beam axis, the x-axis pointing left when looking downstream in positive z direction and
the y-axis pointing up. The track finding algorithm used for the pattern recognition is a simple
implementation of a nearest neighbour algorithm. The algorithm was specifically developed for
the test beam data taken with the CALICE AHCAL. It exploits the primary flight direction of
incoming beam particles along the z axis by assuming that all particles found by the algorithm
have a sizeable momentum component along that axis. This is reflected by the assumption that any
MIP-like particle will only create at most one hit in a given layer, and that cells on the same track in
adjacent layers are neighbours, sharing at least one corner when projected on the same layer. With
the layer to layer distance of 31.6 mm and a cell thickness of 5 mm this limits the algorithm to the
identification of tracks with a maximum angle with respect to the beam axis of approximately 60�

in the central region with tiles of 30⇥30mm2, of 70� for the 60⇥60mm2 tiles and of 80� for the
outer 120⇥ 120mm2 tiles, respectively. It is important to note that these requirements also allow
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Figure 7. Distribution of track multiplicity for 25 GeV pion showers. The upper panel shows the normalised
distribution for test beam data, while the lower panel shows the normalised residuals (simulation/data�1)
between test beam data and the different physics lists. The grey area indicates the statistical error of the
residual between test beam data and QGS BIC.
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Figure 8. Mean track multiplicity as a function of energy. The upper panel shows data while the lower one
shows the normalised residuals (simulation/data�1) between test beam data and the different physics lists.
The grey area indicates the statistical error of the residual of test beam data and QGS BIC. Systematic errors
are below the level of statistical errors, as discussed in section 4.4, and are not shown.
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Figure 9. Mean longitudinal shower profiles from shower starting point for 8 GeV (left column), 18GeV
(center column) and 80GeV (right column) pions. First row: for data (circles) and for the FTFP BERT physics
list (histogram). Second to fourth rows: ratio between Monte Carlo and data for several physics lists. All
profiles are normalized to unity. The grey area indicates the systematic uncertainty on data. ⟨Erec⟩/ΔλI is the
average deposited energy in a ΔλI thick transverse section of the calorimeter. z is the longitudinal coordinate,
expressed in units of λI.
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Fig. 6.11: ECAL plus AHCAL combined resolution for pions. The upper curve represents the resolu-
tion obtained with a single weight factor for each of the calorimeters, while the lower reflects a simple
software compensation approach and uses weights for the hits that depend on the hit amplitude and on
the total measured shower energy.
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Figure 4. RMS (left) and RMS90 (right) deviations of the recovered energy of neutral 10 GeV hadrons
from its measured energy vs. the distance from charged 10 GeV (circles and continuous lines) and 30 GeV
(triangles and dashed lines) hadrons for beam data (black) and for Monte Carlo simulated data, for both
LHEP (red) and QGSP_BERT (green) physics lists.
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Figure 5. Probability of neutral 10 GeV hadrons energy recovering within 3 (left) and 2 (right) standard
deviations from its real energy vs. the distance from charged 10 GeV (circles and continuous lines) and
30 GeV (triangles and dashed lines) hadrons for beam data (black) and for Monte Carlo simulated data, for
both LHEP (red) and QGSP_BERT (green) physics lists.

This results in a smaller probability of neutral hadron energy recovery for small neutral hadron
energy (see right plot in figure 6).
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Fig. 6.12: Probability of separating hadron showers: The figure shows the degradation of neutral particle
resolution, expressed in terms of the probability to reconstruct the energy within 3 s of its calorimetric
resolution, as a function of transverse separation from a second shower induced by a charged hadron.

6.3.3.2 AHCAL Test Beam Results using Tungsten Absorbers
To test the energy resolution and timing performance of a tungsten-scintillator combination calorimeter,
and to validate the corresponding simulation model, a 30-layer (3.9 lI) AHCAL module was constructed
and exposed to beam at CERN in 2010. The scintillator tile and readout layers are the same as used by
CALICE for a number of earlier tests with steel absorber plates. Figure 6.13 shows the experimental
setup and an example of a pion candidate shower in the calorimeter stack.

High statistics event samples were recorded for electron, muon, pion, and proton beams with
energies from 1 to 10 GeV. Gain calibration was obtained from low intensity LED-pulser runs and the
results agree well with previous calibration from runs at Fermilab. MIP calibration was carried out using
a muon beam. Examples of calorimeter responses to muons and pions are shown in Figure 6.14.

Preliminary results indicate that the electromagnetic resolution is slightly worse than for steel,
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AHCAL implementation

• Short barrel (2x 2350 mm) 
– big endcap R = 3190 mm 

• 8-fold symmetry 
– 16 sub-modules 

• 6 λ deep, 48 layers x 2 mm 
– R = 2058-3410 mm 
– 8000m2 

• Cracks filled with steel 
• Embedded front end electronics 
• Accessible interfaces

!50
Karsten Gadow |  ILD Magnet & calorimeters integration  |  01.-02.02.2012  |  Page 14 

AHCAL end cap 

16 AHCAL end cap top tower 

14 AHCAL end cap bottom tower 

frontend electronic 

2 x 5mm side walls 
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Layer cross section
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Electronics integration

• Basic unit: 144 tiles, 36x36cm2 

• 36 ch. ASICs, power pulsed 
– self-trigger, 16x memory, ADC 

• embedded LED system 
• compact design 

– 5.4mm incl 3mm scintillator

!52
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SiPM improvements

!
• Dynamic field, driven by medical 

applications (PET) 
– commercial use requires uniform devices 
!

• 1€ per piece not unrealistic 
– Hamamatsu, SensL 
!

• Improved performance in today’s 
prototypes 
– e.g. Russian sensors have 100x less noise 

than in physics prototype 
!

• Thanks to flexible electronics:  
– proceed on detector integration while 

remaining open to sensor technology  

!53
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Scintillator tile options

• Megatiles interesting alternative 
– need to understnd limitations and impact of optical cross talk 

• need to optimise design and production together 
• implication for QC chain: scintillator SiPM system 

independent of final electronics - or not

!54
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Going mass production: more tiles+SiPMs

> ITEP produced direct-readout tiles (+ Ketek 
SiPMs with 12100 pixels) for 2 HBUs, 
paperwork ongoing

> NIU: 1 HBU with top-view SiPMs being tested
> Uni HH produced direct-readout tiles for 

8 HBUs, Ketek SiPMs with 2300 pixels for 
8 HBUs delivered and being tested now
(more details in talk by K. Briggl)

> expect Hamamatsu MPPCs for 4 HBUs from 
Japan, ITEP agreed to produce direct-readout 
tiles 

> mass assembly: talk by P. Chau
> testing several different options now, but for

practical reasons will need to converge to
1 or 2 for larger prototypes (but this will not be 
an advance decision for ILD calo)

ITEP

Uni HH
CPTA, KETEK or 

Hamamatsu 
sensors 
!

no WLS fibre
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> Uni HH produced direct-readout tiles for 

8 HBUs, Ketek SiPMs with 2300 pixels for 
8 HBUs delivered and being tested now
(more details in talk by K. Briggl)

> expect Hamamatsu MPPCs for 4 HBUs from 
Japan, ITEP agreed to produce direct-readout 
tiles 

> mass assembly: talk by P. Chau
> testing several different options now, but for

practical reasons will need to converge to
1 or 2 for larger prototypes (but this will not be 
an advance decision for ILD calo)

ITEP

Uni HH

individually 
wrapped; 

KETEK sensors

Northern Illinois University 
Integrated Readout Layer 

- Uses HBU2 FE 
- Hamamatsu MPPC  mounted on small 
flex circuits 
- Scintillator “Megatile”    with  3  x  3  cm  cells  
optically isolated with white epoxy 
- Cells have a concave dimple improve the 
uniformity of the response and to direct 
light through hole in board onto MPPC 
- Easier to assemble, does not need WLS 
optical fiber 
 

Results by Kurt Francis 

First big  
commissioning 
steps accomplished. 
Great progress…!! 

Hamamatsu sensors, 
on PCB surface

Northern Illinois
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2nd generation prototype

• Full slab: signal integrity 
!
!
!
!
!

• Full layer: hadrons  
!

• First stack: electrons

!55
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Single HBUs to Full Slab

2160mmPhoto: J. Kvasnicka, I. Polak

Single HBUs extensively operated and in lab 
and DESY testbeam

Full length ILD slab, 2*2 layer assembled and 
operated

Power pulsing tests on full slab ongoing

Timing behaviour characterised on 2*2 layer

7/14

 

Hadron Testbeam Setup

2x2 PCBs (72x72cm2) in hadron 
testbeam next week

Last layer behind W-DHCAL (3.8λ
i
)

Mechanical setup finished

Measure radial hadron shower time 
development (similar to T3B)

Channelwise hit timing (SPIROC2b 
TDC)

Larger scale system test

576 channels

Readout of two slabs

Commissioning

19/30

 

Multilayer Test Beam

Operation of 5 synchronous layers

Fully self-triggered

Airstack for MIP calibration

ILD absorber for first calorimetric data

All mechanics already in ILD format!

More to come soon!

synchronous! ✔
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Flexible test beam roadmap

• 2013-14:  
– e.m. stack, 10-15 layers, 

~200 ch 
!

• 2015-16:  
– hadron stack with shower 

start finder, 20-30 HBUs, ~ 
4000 ch 
!

• 2017-18: 
– hadron prototype, 20-40 

layers, 10-20,000 ch 
!

• Gradual SiPM and tile 
technology down-select 

• Exercise mass production 
and QC procedures 

!56
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Multilayer Setup 

> Fully synchronous operation of 5 detector layers      
(1 HBU2 each). 

> New DAQ ensures that all layers are active at the 
same time always. 

 

 

 

 

 

 

 
 

> ~2 weeks of testbeam at 2-6GeV electron testbeam 
@DESY in summer 2013. 
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Integration with ECAL

• synchronous operation already successful 
• interest in joining HCAL test beam 
• Add Si ?

!57
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Outlook: Scintillator ECAL and SM_HBU   

2 Scintillator ECAL modules with 
HCAL DAQ interface modules. 

 

2 ScECAL and 2 HCAL layers in 
DESY testbeam, operated 
synchronously by the HCAL DAQ. 

 

18cm 

> Architecture is used in strong collaboration of DESY with Uni. Shinshu (Japan) 
and Northern Illinois Uni. (USA) for a Scintillator ECAL and a HCAL option with 
optimized light collection efficiency, respectively. 
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Conclusion

• The ILC has ignited revolutionary 
changes to detector conception 
!

• The novel technologies and 
algorithms have been established 
!

• Fascinating challenges are still 
ahead 
!

• Ample opportunities to intensify 
worldwide cooperation 
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